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INTRODUCTION 


The newer developments in regard to the study of the 
structure of nucleic acids, especially deoxyribonucleic 
acids, has made it desirable to try to relate this to the 
problem of genetic recombination. Progress of the work 
in bacterial genetics, transforming principle, and trans- 
duction — the new approaches which have been developed 
in the genetic study of higher organisms — have given the 
investigator new tools to study the problem of recombina- 
tion. 

The meetings of the Seventh Annual Research Confer- 
ence bore out the timeliness of the subject. This con- 
ference, held in Oak Ridge in April 1954, was sponsored 
by the Biology Division of the Oak Ridge National Lab- 
oratory and the Division of Biology and Medicine, U.S. 
Atomic Energy Commission. 

As at previous conferences, free and open discussions 
were encouraged. An evening was devoted to a discussion 
on the present status of the role of oxygen in X-ray sensi- 
tivity. Papers and discussions in this session are included. 

Most of the speakers submitted manuscripts and a large 
part of the discussion is being reproduced. 

Dr. W. K. Baker and Dr. Drew Schwartz were largely 
responsible for arranging the program. 

Previous symposia in this series are: 

1948 — Radiation Genetics 

1949 — Radiation Microbiology and Biochemistry 

1950 — Biochemistry of Nucleic Acids 

1951 — Physiological Effects of Radiation at the Cellu- 

lar Level 

1952 — Some Aspects of Microbial Metabolism 

1953 — Effects of Radiation and Other Deleterious 

Agents on Embryonic Development. 


ALEXANDER HOLLAENDER 


BACTERIAL TRANSFORMATION 


ROLLIN D. HOTCHKISS 
Rockefeller Institute for Medical Research, New York City 


It will be the intention in this report to discuss the general 
characteristics of transformation reactions, coming finally to 
certain recent data which seem to have a more direct bearing 
on recombination. The transformation reaction, first dis- 
covered by Griffith in 1928, and clarified by the classic work 
reported by Avery, MacLeod, and McCarty (’44), can be de- 
fined as a heritable change induced in bacteria by an extract 
of other bacteria. The extract conveys a part of the genetic 
endowment of one strain and earries it to another strain. 
Avery, MacLeod, and McCarty showed that the transforming 
activity of encapsulated pneumococci was resident in their 
nucleic acid fraction. It could be recovered as a biochemical 
preparation of deoxyribonucleic acid (DNA); this material 
applied to unencapsulated organisms would convert a pro- 
portion of them into encapsulated cells having the same 
serological type as the donor cells. 

There are many specific capsule types in Diplococcus pneu- 
moniae and the type III capsule is different from all others 
in that it has certain serological identity. The DNA extract 
confers this same particular type of encapsulation on another 
unencapsulated pneumococeus. The fact that each encap- 
sulated organism so produced can be subcultured and made to 
produce large quantities of progeny all carrying the new type 
of capsule made the process seem to have genetic significance ; 
but it was not clear at that time what the genetic interpretation 
might be. 

The material conveyed in DNA extract might be the whole 
genetic endowment of the cell, or only a portion. It might 
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correspond, in other words, to the nucleus, the chromosome, 
or a single gene. It could be an inducer, and some geneticists 
described it as such. It might be thought to be a transferable 
factor involved directly in specific capsule production. 

The DNA’s are high molecular materials with molecular 
weight around one million. Their solutions are viscous, pre- 
cipitable by alcohol, acetone, or acids, as fibers of characteristic 
appearance. The biological activity is lost whenever the 
molecules are degraded by the specific enzyme deoxyribo- 
nuclease. 

The years since 1944 yielded some twenty-five capsule trans- 
formations in D. pneumoniae and Hemophilus, one in Es- 
cherichia coli, one or two of meningococci (for reviews, see 
Austrian, ’52; Hotchkiss, 52). There have been a few other 
antigen transformations. The ones with which we shall mainly 
be concerned are the drug-resistance transformations which 
were introduced about three years ago, and which allow an 
additional step to be made. That additional step is the 
selection from the transformed culture of those cells which 
have been changed. For studying a number of questions it 
is important to work with the transformants separated from 
the untransformed cells. : 

Selecting in the drug medium a rare mutant that appears 
perhaps once in a million or ten million divisions will give a 
culture of drug-resistant cells. From this, as with the capsule 
strains, the DNA extract can be prepared and handled chemi- 
cally, and when added back to drug-sensitive cells, will produce 
a proportion of drug-resistant cells far larger — easily ten 
thousand times as large —than the number which are pro- 
duced by spontaneous mutation (Hotchkiss, ’51). 

These properties then allow one to treat the final trans- 
formed culture with the drug, and thereafter to work only 
with the transformant cells. This also permits exact quantita- 
tion of how many have been formed and approximately at 
what time they have been altered. 
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GENETIC NATURE OF TRANSFORMING UNITS 


A first question seems to be: What is the nature of the 
transferred unit? If it were a bacterial gene, it should first 
of all behave unitwise. The different capsule factors could 
be construed as alleles; in any case it is not ordinarily pos- 
sible to incorporate more than one of such characters in a 
strain, but having a capsule factor and a drug-resistant factor, 
one can prepare a doubly marked strain. 

An encapsulated and drug-resistant strain gave a DNA ex- 
tract which now carried two properties and revealed some 
three years ago that the two properties moved separately 
into individual transformant cells (Hotchkiss, ’51). Those 
which became encapsulated, in general, did not become drug 
resistant; and those which became drug resistant, in general, 
did not become encapsulated. So at least in this case, there was 
separation back into units that, acquired independently in 
the donor cell, were now in transformation acting again as 
units ; a finding consistent with the DNA’s being analogous to 
a gene material. Several other pairs of markers behave 
similarly independently. 

The next step was in recognizing certain quantitative charac- 
ters in the penicillin-resistant scheme. Demerec (745) has 
shown that penicillin resistance arrives in staphylococcus — 
and the same can be shown for pneumococcus — in a series of 
stepwise, discrete mutations. These are found in transforma- 
tion also to be transferred in stepwise fashion. 

When pneumococci have reached a high, multiple-step level 
of penicillin resistance, their DNA will transfer to sensitive 
cells at first only the single property of the first mutation 
step. In subsequent exposures to the same DNA, the transfor- 
mants will move stepwise up the ladder of penicillin resistance. 
The slightly resistant strain produced in the first step can 
be subsequently retransformed by the same DNA from the 
same highly resistant strain, moving on to the second step 
in the genetic history — giving rise to a transformant strain 
of moderate (two-step) resistance —and so on ( Hotchkiss, 


51). 
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This is an indication that transformation is recapitulating 
the genetic history of the strain, there being transferred, via 
the DNA, the very material in which the record of the in- 
dividual mutations is stored. In streptomycin resistance, 
there is observed a stepwise system which operates just as 
described for penicillin, but, in addition, an alternative high 
level of streptomycin resistance acquired as a single step. 
Accordingly, there may be two types of streptomycin-resistant 
cells, difficult to distinguish phenotypically —one that has 
arrived at a high-level resistance in discrete steps, and one 
that has arrived by a single, big mutational jump. Although 
phenotypically similar, their DN A’s will show in the transfor- 
mation phenomenon a record of their genetic history. They 
are found to transfer to sensitive cells the original first re- 
sistance step attained by the strain; in one case, the small 
first step and the other, the full, high-level resistance (Hotch- 
kiss, ’52). 

Another case is brought out in the work of Marmur in 
this laboratory on the transformation of the property of 
mannitol phosphate dehydrogenase in pneumococci (Marmur 
and Hotchkiss, 55). The property of growing in mannitol 
is an adaptive process. Mutant cells which have not been pre- 
adapted to mannitol undergo a long lag period before they 
are able to utilize this sugar alcohol for growth, or to oxidize 
it in metabolism experiments. Cells which have been pre- 
adapted in mannitol will use it immediately. 

Unadapted cells do not have enzymes that are able to 
dehydrogenate mannitol phosphate, but they begin to acquire 
demonstrable enzyme during adaptation. In both states, the 
cells are, of course, genetically the same. What is interesting 
is that transformation by DNA from the two types of gen- 
etically identical, but phenotypically different, cells gives the 
same number of transformants induced over a whole range of 
DNA concentrations. This again shows that the genetic 
potentialities of the cell were transferred rather than the 
attained state, Just as the highly drug-resistant cells donated 
their genetic first step rather than their fully attained state. 
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These analyses seem to support the early inferences that the 
determinants being transferred in the DNA transformations 
are the bacterial genes themselves. 

As concerns the nature of the material, the first problem 
was to show that the transforming extracts actually con- 
tained no significant amount of protein, as had already been 
elegantly indicated in the work of Avery by enzymatic and 
other evidence. The principal addition since then has been 
to show that, though earlier analytical data did not exclude 
a small amount of protein, there was less than 0.02% of 
protein in a pneumococcus-transforming preparation of typical 
full activity (Hotchkiss, 52). As its protein content was 
reduced from a somewhat larger level to this level of below 
0.02%, there was no particular change in the biological ac- 
tivity. So, the material, which as indicated before is effectively 
a bacterial gene preparation, seems to be made up exclusively 


of DNA. 


LINKED TRANSFORMING UNITS IN DNA 


Of most interest for this symposium are the evidences of 
a higher order of genetic complexity in the DNA and the 
nature of the processes instituted by its introduction into the 
cell. The first evidence that transformation is not always 
transfer of single units came in relating the mannitol trans- 
formation with the streptomycin-resistance transformation by 
DNA from doubly marked strains. 

In a large number of experiments, carried out in col- 
laboration with Marmur and Lane, a rather large proportion, 
20-25%, of the M transformants, had also acquired strep- 
tomycin resistance, S. The MS cells seemed to be the result 
of a simultaneous double transformation, since there were 
so many more than would have been expected on the basis 
of random successive single transformations (Hotchkiss and 
Marmur, ’54). Thus the frequency of the MS transformants 
from a population N, turned out to be five to twenty times 
as great as the product of the individual frequencies, M /N 
times S/N. Although it might seem to be reasonable to expect 
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those cells responding to one transforming factor to show 
more than average frequency of transformation to another 
factor, actually, interference between DNA’s seems to make 
successive transformations infrequent. When pairs of markers 
believed not to be associated were used, the number of double 
transformations was always less than (one-tenth to two-fifths) 
the number that could have been expected as the result of 
random single transformation events. One DNA added to 
another one diminishes the effectiveness of the latter. 

Indeed, a mixture of DNA from a mannitol-utilizing strain 
and that from a streptomycin-resistant strain produces about 
one-fourth as many MS transformants as would be expected 
by chance alone from the rates of the single transformations 
(Hotchkiss and Marmur, ’54). Thus it can be seen that the 
frequency of double WS transformations is most likely twenty 
to one hundred times as great as can be accounted for on 
the basis of single events, when DNA derived from the 
doubly marked strain is used. It must be coneluded that, by 
reason of coexistence within the same cells, the W and the S 
transforming factors are in some way ‘‘linked’’ within the 
same DNA particle, much as genic factors are considered to 
be linked within the chromosome as a whole. 

It is too early to state with assurance whether the M and S 
determinants are linked in all the DNA particles (and be- 
come separated 75-80% of the time in a process akin to 
crossing over during transformation), or whether some pro- 
portion, up to 80%, of them become separated during isolation. 
Inasmuch as no amount of chemical manipulation during 
preparation of the DNA has altered the degree of linkage, 
and since spontaneously mutated strains and a whole series 
of multiply marked strains which acquire the M and § factors 
by transformation as well as different combinations of other 
markers all gave DNA’s with similar linkage properties, it 
seems reasonable to conclude that the relative constancy of 
the 20-25% linkage is based on the characteristic crossing 
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over behavior in the recipient cell of DNA particles which 
may all be essentially alike. 

Reported observations seemed to imply the association 
between different subunits of transforming agents affecting 
capsule formation. Ephrussi-Taylor (’5la,b) had indicated 
that there were interactions between the DNA of a donor 
cell and the determinants of the recipient cell, such that agents 
controlling quantitatively different degrees of capsular poly- 
saccharide synthesis seem to recombine and thereafter lead 
to more potent synthesis than either parental strain could 
support. Since the new potent determinant was found in the 
DNA, and it seldom if ever was observed to redissociate into 
biological subunits, a reasonable interpretation seemed to be 
that a kind of linkage and crossing over govern the outcome 
of these interactions during transformation. Inasmuch as the 
inferred crossing over would have to occur within an otherwise 
distinct unit, and within a mutated region which governed 
the rate or efficiency of one and the same synthetic process, 
the system was deemed possibly analogous to a pseudoallelic 
one. The mixed capsule transformation described for Hemo- 
philus (Leidy, Hahn, and Alexander, 753) seems to be an 
instance in which two wild-type markers affecting the same 
cell property in different ways have been assembled into 
either a heterozygotic or recombinant strain from which can 
be derived a functioning ‘‘mixed’’ transforming agent. The 
gradual dissociation of the strain itself back into pure encap- 
sulated types, leaves some doubt whether the partial dis- 
sociation of the individual markers in a transformation by 
its partially purified DNA is caused by interactions going on 
during transformation or perhaps to inherent instability or 
heterogeneity of the DNA. It seems that the metabolically 
unrelated pair of mannitol and streptomycin markers of 
Pneumococcus illustrate more simply and safely the existence 
of associations analogous to classical genetic linkage; they 
may be taken, however, as indications that a similar mechanism 
could be assumed for the two cases just described. 
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TRANSFORMATION AS GENETIC EXCHANGE 


More satisfying evidence that something akin to linkage 
and crossing over are involved in transformation comes from 
further developments in the work carried out with Marmur 
and Lane. What we have called reverse transformations can 
result in the loss of selective characters in pneumococci 
(Hotchkiss and Marmur, 754). By taking advantage of the 
association between M and S there is a good chance of 
detecting any reasonably frequent change in M during intro- 


TABLE 1 


Evidence of linkage between allelic forms of mannitol and streptomycin-resistance 
characters in pnewmococcus 


CHARACTERS PRESENT IN 


CHARACTERS FOUND IN TRANSFORMANTS 


Donor Recipient 


Domats cin ‘Single Double 
MS ae Ms mS ’ Many MS 
Ms + mS Ms Ms* ms * Fewer than 
random MS 
Ms mS MS (ms) Many Ms 
mS Ms MS (ms) Many mS 
MsP msp Msp * msP. Fewer than 


random MsP 


Characters: M, mannitol utilizing; S, streptomycin resistant; P, penicillin re- 
sistant; small letters signify absence of corresponding selective property, but do 
not imply recessiveness relation. Phenotypes in parentheses difficult to detect and 
not observed. 

* These genotypes could also result from double transformation. 

(Experiments with J. Marmur and D, Lane.) 


duction of S, or vice versa. The reverse transformations are 
represented in table 1 in the two rows in which M, or S, 
characters preexisting in a recipient cell are indicated as 
removed during simultaneous transformation to the selective 
phase of the other, the S or the M character, respectively. 
We infer therefrom the existence of the nonselective phases, 
m and s, of the same characters. Although the exchange ap- 
parently results in the elimination of one nonviable portion of 
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the determinant material, the reciprocal ‘‘crosses’’ together 
support the picture of the process as an exchange and in- 
dicate also that dominance relations in a diploid state are not 
involved. The frequeney of recovery of doubly transformed 
strains is indicated in table 2. It will be seen that for every 
six to seven of the singly transformed cells there was isolated 
one which had lost a selective property in process of being 
doubly transformed. These percentages are sufficiently close 
to the 20-25% doubles recognized in the forward transforma- 
tion, ms > MS, to suggest that there is no serious inconsis- 
tency in the picture outlined. It will be noted from both 
tables 1 and 2 that linkage of penicillin resistance, P, with 


TABLE 2 


Linked transformations involving loss of a selective property 


CHARACTERS PRESENT IN PROPERTIES FOUND IN SINGLE COLONY TRANSFORMANTS 


Donor oa, a rein Indicated constitution 
Ms mS 145 M 124 MS 21 Ms 
60 m 60 mS 0 ms 

mS Ms 134 S8 118 MS 16 mS 
sP Sp Thal ae 70 SP. 0 sP 


Symbols as in table 1. The italicized symbols represent the determinants intro- 
duced from the DNA. (Experiments with J. Marmur and D. Lane.) 


M or S could not be detected. Also, the S marker was not 
eliminated from any of sixty cells exposed to Ms DNA but 
not acquiring the M property; a smaller frequency of Te- 
placement of S by s in this unselected part of the population 
is not excluded, and in fact it probably occurs, but is difficult 
to detect. There is increasing evidence, not presented here, 
that sulfanilamide resistance will ultimately prove to be 
loosely linked to streptomycin resistance. ; 
It is concluded, therefore, that definite loci for the allelic 
gene pairs, M,m and S,s, exist in Pnewmococcus, and that these 
loci occur in linked association within single particles of the 


cellular DNA. 
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TIME COURSE OF TRANSFORMATION 


The over-all characteristics of the transformation processes 
can be determined conveniently with use of the quantitative 
resistance markers. Drug resistance can be recognized very 
sharply as appearing 30 minutes or so after the addition of 
DNA. The marked DNA can be added at a controlled time, 
and at a known time afterward, deoxyribonuclease, which will 
destroy all further activity of the free DNA that is present 
and allow exact knowledge of when the DNA is reacting with 
the competent cells. About 30 minutes afterward, when the 
total population is growing more or less exponentially, there 
is a very sudden development in the phenotype, of the drug- 
resistant property, far above anything that is going on in 
cell division, then a delay period, a lag, in which there is no 
further increase in resistant cells until they begin to divide 
normally two or more hours later. 

Here may be apparent the signs of separation between the 
two functions of genes; the induction of the phenotypic 
response which occurs at a time probably determined by the 
metabolic exigencies of the cell, followed by a delay period, 
and then eventually an assumption of the other role of the 
gene, that of producing more cells with more genic material. 
There are eventually established resistant clones of cells from 
this process; and they later come to grow in parallel with the 
total population. As yet these processes cannot be separated 
biochemically from bacterial division, and the cells must still 
be growing during both the period of development of the 
phenotype and that of replication of the genotype. 

The nature of the lag, or plateau, of the transformation curve 
is of interest. There would be two main possibilities: it might 
be that the transformant cells do not divide for a time, being 
simply retarded because of having accepted foreign DNA. 
Instead of a division lag, there might be a segregation type 
of lag during which the new cell, although drug resistant, 
has not learned to incorporate in both its daughter cells at 
division the newly introduced genic material. 
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There is an experimental way to study this question. If the 
population is spread out on agar plates just after the DNA has 
been added, a cell in division lag will eventually give a pure 
clone of drug-resistant cells. A cell in segregation lag will give 
a mixed clone, with both sensitive and drug-resistant cells 
in it. 

After replica plating, to detect resistants, the original 
colony may be examined to see whether or not it is a mixed 
colony. Mixed colonies are found containing many sensitive 
cells which cannot survive the drug. There are questions 
arising here about the purity of the clones, but by allowing 
appropriate time for separation of any diplococci that might 
be present and so on, it seems at present safely established 
that the transformant cells do produce mixed clones for 
several divisions after DNA has been added to them. We 
are engaged at present in a study of the distribution of linked 
characters, the WZ and the S, in these populations as com- 
pared to the distribution in the whole population. 

Transformation can therefore be looked upon as the inva- 
sion of the cell by a DNA arising in another cell with different 
genetic potentialities, the rapid institution of phenotypic re- 
sponse caused by the new material, and a slower incorporation 
of this foreign material into the genome of the invaded cell. 
The relations of the competing agents, one displacing the other 
and so on, seem to indicate that very few genetically effective 
particles reach the competent sites in any transformation ex- 
periment. There may be many DNA particles reacting with 
the cell surface, but very few have an opportunity to exchange 
material with the preexisting genic material. 


DEPENDENCE OF TRANSFORMABILITY ON CELLULAR STATE 


Further ideas on the nature of the transformation derive 
from experiments relating to the state of the cell at the time 
when it is most susceptible to transformation. It may be 
recalled that one DNA can interfere with the response to 
another DNA. This can be a very dramatic experiment in 
which a DNA preparation having one set of markers can be 
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added as little as 5 or 10 seconds before another DNA—whence 
it will be found that most of the cells have already irreversibly 
responded to the first added DNA, and those which remain 
are for a time untransformable by the second added DNA. 

A little later, new cells are found which are able to 
respond to the second added DNA (Hotchkiss, ’54). At the 
later periods the new cells which have become transformable 
are inhibited only partially; the cells now have access to 
both these DNA’s in a certain concentration ratio, and the 
ratio will determine the amount of inhibition. Here is an 
indication that new cells are continually appearing in the 
population, able to respond to DNA; one can block off any 
particular set of them, adding the inhibitor in advance, and 
more or less obliterate the response of the cells present at 
that time, then observe the appearance of new ones as time 
develops. 

Other indications that this is happening in the population 
are seen in response to the streptomycin-resistance factor, 
based on the quantitative assay through successive over- 
lapping periods. These assays indicate groups in the popula- 
tion which respond for a time and then cease to respond, 
while similar new groups are continually appearing in each 
successive time interval (Hotchkiss, 754). This immediately 
suggested a relation to the cell division cycle. The falling off 
of these groups occurs between 10 and 20 minutes, well within 
a division cycle of 30 minutes. It seemed possible that if one 
could do anything to modify the cell division cycle, one might 
be able to modify the response to the transforming factors. 

It seemed that the processes leading to cell division, like 
other biochemical processes, must be in a steady state, con- 
ditioned by various enzymes. A steady state would mean 
that each enzyme in a series would be turning over as many 
micromoles of substrate per second as it received from the 
preceding system. Such a state, achieved at a temperature 
of 87°C., would not necessarily be a steady state for some other 
temperature; if the culture were cooled to another tem- 
perature, say 25°, the system would be thrown out of balance. 
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Some systems would be less affected than others, so there 
would be piling up of substrate at certain stages. If there 
were piling up in a process that led to cell division, a degree 
of synchronization might have been achieved even ina popula- 
tion of millions of cells. 

If a culture established at 37°C., is held for 10 minutes at 
25°C. (at which temperature some metabolic processes still 
go on) then returned to 37°, something has happened so that 
processes which formerly were continuous are now discon- 
tinuous (Hotchkiss, ’54). Without such treatment cell divi- 
sion in such a population is going on more or less exponentially 
with time. Immediately after such a cooling conditioning 
period there are found at 37°C. waves of rapid, and then 
slow, cell division as measured by colony count. What would 
otherwise be a linear growth curve is broken up into repeating 
cycles, having an over-all time of 30 minutes and a logarithmic 
increment of 2. One-half of the divisions occur during 4 
minutes within each cycle of 30 minutes. The simplest inter- 
pretation is that a considerable degree of synchronization of 
bacterial cell division has been achieved, although to explore 
that area of cell physiology would be a study in itself. 

The point concerned here is that, after this same tem- 
perature-conditioning pretreatment, a rather remarkable 
‘‘nhasing’’ or cycling of transformability is also obtained. 
During the period at the lower temperature there is an 
increase in the number of cells which are transformable; but 
soon after they are back at 37°C.— the time when divisions 
occur rapidly — there is a drop to negligible transformability, 
then a rise again. There are normally several successive rises 
and falls after a single pretreatment, so that a true cyclical 
process has been induced, rather ruling out the possibility that 
one has simply modified some decay process and added it to 
a rising process. 

These cycles of transformability eventually become out of 
phase with what seems to be the average division cycle for 
the rest of the bacteria. In transformability, atypical cells may 
be involved, or at least additional variables. But in any case 
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those environmental factors which have apparently partially 
synchronized the division cycles have modified in a cyclical 
fashion also the transformability of large populations. 


SUMMARY 


It appears that in bacterial transformations one is intro- 
ducing gene material in the form of DNA particles which 
contain negligible amounts of protein, if any. In some cases 
these DNA particles exhibit what appears to be a typical 
genetic linkage between phenotypically unrelated char- 
acters. The incorporation of this genic material from another 
line into the recipient cell occurs in two steps. The added DNA 
introduces its own enzymatic or phenotypic response within 
a few minutes, and only later comes to be fully incorporated 
into the existing genome of the recipient cell. During this 
time, there is a kind of exchange process in which determinants 
of the recipient cell are eliminated or displaced, a mechanism 
reminiscent of crossing over, controlling which part of the 
genetically linked determinants of the incoming DNA will 
ultimately be retained by the cell. The ability of the recipient 
cell to respond is in some way dependent on the stage of the 
division cycle which it has attained. Thus the bacterial 
transformations are focusing attention on the critical genetic 
processes that go on in cell division, probably no less im- 
portant than the events of sexual cell fusion, already so 
well documented. 


DISCUSSION 


Caspart: Did I understand you to say that the number of 
cells which are obtained in this state, where they can be 
influenced by DNA, is one of the limiting factors on the 
number of cells that can be transformed? Is it the only point 
besides concentration of DNA? 

Horcuxniss: The concentration response to amounts of 
DNA gives a curve which rises linearly then approaches a 
saturation level. That tends to indicate two things. One is 
that the reaction is probably in the nature of a single-hit 
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type of interaction ; and its reaching a kind of plateau indicates 
that there are a limited number of competent bacterial sites. 
We have had as many as 17% of the cells susceptible. How- 
ever, strain differences, the nature of the medium, and the pre- 
sence or absence of serum albumin all modify the yield. 

Linpecren: Dr. Emerson once suggested that the surface 
of the chromosome is a mirror image of the substrate, and it 
seems to me that there are increasing pieces of evidence which 
indicate that it is a reasonable point of view. DNA as such 
may not be the inducing agent but the conformation at the 
site of the chromosome where the gene is located may be the 
agent which induces the character. 

I think our recent evidence that galactose is itself a muta- 
genic agent for inducing the capacity to ferment galactose 
is a case in point. Additional support for this view comes from 
a study of a locus which we call MZ. This gene responds to 
five different inductors with the production of a specific 
adaptive enzyme — maltose, turanose, sucrose, a-methyl 
glucoside, and melezitose. The gene exists in a series of 
multiple alleles; the characteristic of the multiple alleles is 
the loss of the specific ability to respond to certain inductors. 
One allele will not respond to sucrose, a-methyl glucoside, or 
melezitose. Cultures carrying this allele, when presented with 
a mixture of maltose plus sucrose cannot produce the enzyme, 
indicating that sucrose can block the action of the gene in 
the production of the enzyme. 

These pieces of information support the idea that what 
happens at the surface of the chromosome is not due to the 
DNA as such but to a structural formation which DNA in- 
cidentally preserves and which may be transferred in some 
way to the offspring by the induction technique. 

Horcuxniss: The only thing I might say is if this is a pro- 
cess where DNA affects something which affects the enzyme, 
there is no particular conflict in the possibility, as found with 
mannitol actually, that the substrate might also induce a part 
of this process. I think Dr. Lindegren is really asking whether 
there may not be a reversible relation between some ‘‘actual”’ 
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eene and the specific DNA, either one of which can initiate the 
gene effects. I have no particular feeling or objection about 
that. We still have to consider the gene as operationally re- 
placeable by DNA. 

PuoveH: Is that quite the idea, Dr. Hotchkiss? As I 
understand Dr. Lindegren, he is suggesting that this is a 
nonspecific effect rather than a reversible effect. 

Horcuxiss: Perhaps that is what Dr. Lindegren meant. 
However, then we certainly must testify that there is high 
specificity in the relation of the source of the DNA, the prop- 
erties of the clone or strain, and those which it ean induce in 
the transformation. 

Exuret: I wonder if you would comment on alternative 
interpretations instead of the classical genic interpretation — 
perhaps the sort of thing recognized by Lederberg in his re- 
view under the general heading of hereditary symbiosis? The 
principal objection to such an alternative in which a temperate 
phage particle may be causing the phenomenon in question 
seems to be the necessary protein content. Now what would 
even as little as 0.01% of protein in these DNA extracts re- 
present in terms of phages and in numbers of bacteria trans- 
formable? And a second point against the alternatives is 
the evidence of linkage. But might we have something analog- 
ous to linkage, that is, nonindependent assortment, by a nearly 
simultaneous multiplicity infection of heterogeneous particles, 
with some probability of mutual exclusion? 

Horcuxiss: We have answered the last part by using 
different mixed DNA’s having the separate properties. We not 
only tried the mixture, but grew two kinds of cells —the M 
cells and S cells together — so we could precipitate the fibrous 
DNA particles, thinking to stick them together, but were not 
able to do so in that way. We feel that the frequency data 
indicate that successive single transformations did not ac- 
count for the doubly marked cells. 

As for the low protein content, of course all we are saying is 
there could be as much as 0.02% of protein, since our methods 
cannot possibly go farther than that. Protein would be as good 
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a candidate for a gene as DNA, and if present would not give 
particular help in relating it to bacteriophage or bacteria. 
I think Dr. Zinder will more or less agree that it is a better 
explanation of transduction to think of it as a modified trans- 
formation, where bacteriophage is a carrier, than to think of 
the more efficient transformations that we have with DNA — 
in which we cannot detect either phage, bacteria, or proteins — 
as being explained by something itself not fully explained. 

Huret: Does eaffein have any effect? Do the other bac- 
terial DNA’s have any effect in inhibiting? 

Hotcuxniss: We have seen no effect of purines. I indicated 
that pneumococcus DNA having one marker will inhibit others. 
And in trying to make a species transfer from streptococcus 
to pneumococcus, the very streptococcus DNA which should 
have borne streptomycin resistance is actually inhibitory to 
the streptomycin-resistance transformation by pneumococcus 
DNA. 

Stent: Does the presence of DNA have any adverse effect 
on the bacteria as such? Do you observe any deaths? 

Horcuxiss: We noticed the lag in replication of cells with 
the transformant phenotype. We thought perhaps there would 
be a severe setback response to any kind of DNA, including 
the unmarked DNA particles which are being absorbed. There 
does not seem to be; in fact, the observed lag seems to be a 
segregation lag. 

Bitten: Do you have any idea of the size of the effective 
particles that might penetrate the cell, or of the actual 
penetration? 

Horcuxiss: Not really, at the moment. The particle size 
is believed to be a few million in the typical DNA. 

Mrxman: How much variability is there in segregation 
lag? 

Horcuxkiss: It is quite variable. The mean of the broad 
distribution would be somewhere in the range of about four to 
five divisions. Of course we cannot determine the extremes 


accurately. 
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Skxaar: In constructing your regression of the amount of 
transformation in time, is your initial burst measured by plat- 
ing directly on streptomycin—implying that resistance is dom- 
inant over sensitivity? 

Horcuxiss: It is essentially that. The original modified 
cell seems to be a resistant. 

Cooper: I wish to question the now widely accepted con- 
clusion that DNA can be taken to be the genetic material. 
The conclusion that DNA, itself, is the transforming principle 
is based chiefly on the purity of Dr. Hotchkiss’ preparations 
of transforming principle. Yet Dr. Hotchkiss states that his 
preparations may contain as much as 0.02% protein. 

Regrettably, Avogadro’s number is a large one, and a 
conservative calculation suggests that Dr. Hotchkiss’ purest 
preparations could contain somewhere between 1 and 10 mil- 
lion protein molecules per microgram. This being the case, 
the evidence at hand is compatible with at least three inter- 
pretations, and a choice of any one of these is not dictated by 
any facts or experiments known to me. These three pos- 
sibilities are: transforming principle is DNA, transforming 
principle is protein, and transforming principle is a complex 
of protein and DNA. No one of these possibilities is incom- 
patible with any results so far obtained. If protein were 
protected by DNA, and in turn is the transforming principle 
or a necessary component of it, then of course destruction 
of DNA by DNAse will inactivate the preparation. Con- 
versely, owing to DNA protection, the preparation will remain 
active even if subjected to proteinase. 

Assuredly, the rarity of the event of transformation with 
DNA preparations suggests, among other possibilities, that a 
molecule relatively rare in the preparation is the transform- 
ing principle. Again such a molecule might be protein, a 
protein-nucleic acid complex, or indeed a special type of nu- 
cleic acid that is an uncommon component of the whole prep- 
aration. 

In principle, the possibility that protein is an essential 
component of transforming principle, or is itself transforming 
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principle, would seem testable. If the nucleic acid, which is 
alleged to be present in at least 5 X 108 times the concentra- 
tion of the protein, is the transforming principle, and the 
protein not, then the use of one sample over and over again 
might result in relatively little loss of transforming activity. 
If, on the other hand, protein is an essential component, the 
preparations should show exhaustion effects with repeated 
use. Again, it may be possible to test this notion by radiation 
inactivation experiments. 

Perhaps the cytologist has not often enough emphasized 
some of his observations, or some of the uncertainties con- 
nected with his interpretations. In this connection, I should 
like to emphasize one ‘‘fact,’’? and that is the negative cor- 
relation between nucleic acid ‘‘charge’’ and genetic activity 
in chromosomes. The genetically inert regions of genetically 
active chromosomes, as well as genetically inert chromosomes 
themselves, are positively and densely heterochromatic (i.e., 
especially rich in nucleic acids), whereas the genetically ac- 
tive regions may appear very lightly staining with Feulgen, 
orecein, and so on, or they may absorb ultraviolet much more 
lightly. Secondly, it is odd that the chromonemata appear 
packaged in nucleic acid when the nuclear membrane is gone 
and the chromosomes of a dividing cell are in the presence of 
the cytoplasmic substrates. Is the entire envelopment of the 
mitotic chromosome within its nucleic acid a protective meas- 
ure necessary in the absence of the selectively permeable 
nuclear membrane? 

Lastly, an uncertainty that ought to be emphasized may be 
mentioned. We really do not know whether genes in salivary 
gland-type chromosomes are in the dark-staining, nucleic acid- 
rich bands, in the light interbands, or in both. On analogy 
with the genetic inertness of the heterochromatic regions of 
these very chromosomes, we may suspect that the dark bands 
—far from being genic—are spacers of inert material, so to 
speak, and that the genes lie in the relatively nucleic acid- 
poor interband. Condensation of such chromosomal structure 
may involve the enclosure of the genetic material within the 
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supposed genetically inert, nucleic acid-rich protective spacers 
to each side. 

None of the experiments or facts, from the very beautiful 
biochemical research on transforming principle to the possibly 
equally informative work of cytologists and geneticists, leads 
directly and unambiguously to the conclusion that transform- 
ing material or genes are nucleic acids, or largely composed of 
nucleic acids. I would appreciate learning whether or not the 
decision, so widespread today, that nucleic acid is a transform- 
ing principle has in fact been decided by an unequivocal ex- 
periment, or whether it is no more than a voted agreement at 
the present time. 

Horcouxiss: This is not the kind of question for which an 
absolute answer or experiment can be offered. I would say 
that the same argument, of course, still can be applied as to 
whether enzymes are proteins. It has never been shown that 
there are not small amounts of unknown, undetected materials 
in enzymes that go along with the crystallizable proteins and 
are inactivated when the protein is damaged. 

Even though we have more or less come to believe (per- 
haps by voting agreement) that most of the enzymes are 
proteins, we still do not think that all proteins must be en- 
zymes. In this same way, one need not suppose that all DNA 
must be genic. Therefore, it is not disturbing to find chro- 
matin for which no function is known, or as we have done, 
part of our DNA which shows less activity than the remainder. 

But if we elect protein as transforming agent, because of 
the familiar properties of protein — specificity, subtlety of 
structure and so on, which we now know of course can be 
expected also in DNA molecules — we must admit that the 
protein which is being assumed is otherwise a most unusual 
protein. It is a protein which is active in these very small 
amounts. It is a protein which is very stable to heat, to all 
sorts of things — proteolytic enzymes, alcohol, and surface 
denaturation. At the same time that other proteins which 
are present are being separated successfully from a pneumo- 
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coccus preparation, this protein is being concentrated and re- 
tained. 

Furthermore, one must now add that it is stable to deuteron, 
electron, and X-ray bombardment; and that the volume and 
size relation of the vulnerable target roughly indicate molecu- 
lar weight of the order of millions like the DNA molecules and 
not as small as those of typical proteins. 

But of course one can still say that the DNA is being in- 
activated and the hypothetical atypical protein is being re- 
leased. Why is this undetected protein so stable in the 
presence of DNA but instantly denatured and inactivated 
when any one of a number of things is done which you know 
modifies DNA but does not even destroy or remove it? I 
feel that the demonstration is really up to those who would 
like to bring evidence that protein is present, and that it 
is no longer a prime obligation to bring further evidence 
that protein is absent. I would like to add two things. Dr. 
Cooper mentioned a type of experiment which we have begun, 
absorbing biological activity by one culture and testing for 
the exhaustion of it. Even at a DNA concentration so low 
that the agent is altogether limiting for transformation, the 
amount of material absorbed in transforming several thousand 
cells cannot be detected as a drop in biological activity. We 
can demonstrate, therefore, that the active material actually 
utilized is only a small fraction of the activity which is pres- 
ent. 

There is another point worth mentioning. Calf thymus 
DNA is a very potent and successful inhibitor of transforma- 
tion. It is hard to see how something which is supposed to 
be the classical prototype of DNA can carry a protein so 
exquisitely adapted to the pneumococcus that it in turn can 
inhibit the picking up of this hypothetical protein of the 
pheumococcus. 

SprecELMAN: I am rather convinced it is DNA. It must, 
however, be admitted that the possible involvement of a pro- 
tein has not been eliminated. I should like to suggest an 
experiment which might be sufficiently sensitive to provide 
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an almost definitive result. If cells were grown in reasonably 
active S*°, the efficiency of removal of protein from the trans- 
forming principle as it is purified could be followed to levels 
not assessable to other methods of analysis. 
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FOUR FIGURES 


The specific genetic consequences of bacterial transforma- 
tion reactions, as described by Hotchkiss (this symposium), 
are paralleled in the transductions that have been demon- 
strated in the bacterial genus Salmonella (Zinder and Leder- 
berg, ’52; Stocker et al., 53). That is to say, heritable altera- 
tions of discrete bacterial characteristics are brought about 
by the application of specific materials; in transformation by 
deoxyribonucleates (Avery et al., ’44) and in Salmonella 
transduction by bacteriophage-carried material (Zinder and 
Lederberg, ’52; Zinder, ’53), probably of similar composition. 


TRANSDUCTION 


This report will concern itself primarily with transduction 
as found in Salmonella typhimurium. This organism is al- 
most as well suited for laboratory handling as its ‘‘cousin’”’ 
Escherichia coli. It is nonfastidious, grows on simple defined 
media, and offers a wide variety of markers for genetic 
analysis. 

The general aspects of transduction can be demonstrated by 
the following experiment. A sterile bacteriophage-produced 
lysate of a strain (the donor) which was nutritionally inde- 
pendent, fermented the sugars galactose and xylose, and was 
streptomycin resistant was applied to a strain (the recipient) 
with the reciprocal characteristics. Any alterations in the 
recipient were observed by plating large numbers of organ- 
isms upon media selective for the characteristics of the donor. 
Each of the four characteristics was altered in significantly 
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higher frequency than could be explained by mutation and 
each independently of the others (see figure 5 of Zinder and 
Lederberg, ’52). The number of transductions for any par- 
ticular marker was a linear function of the amount of lysate 
applied. The transductions were not due to the presence of 
a general mutagen since the donor usage of organisms which 
were similar to the recipient for any one of the four markers 
restricted only the transduction of that particular marker. 

The transformed cells are stable for the new characteristic 
and, in fact, will provide a source of this characteristic for 
subsequent transduction. 

A wide variety of differentiating characteristics, both pre- 
existent and induced, have been transduced within and be- 
tween species and strains of Salmonella. In almost every in- 
stance a characteristic for which selective procedures were 
available has been transducible. To my knowledge, only 
an occasional mutation to streptomycin resistance has been 
refractory. Lacking other means for the analysis one can 
only speculate as to the reason for this. It might be pertinent 
to point out that extensive tests for complete genetic recom- 
bination in Salmonella typhimurium have thus far all failed. 

The characteristics studied have included nutritional, fer- 
mentative, antigenic, morphological, and drug responses. Be- 
cause the frequency of transduction is usually of the order 
of one per million treated cells, it is generally possible to 
transduce in only the direction for which selection can be 
applied, e.g., nutritional dependence to nutritional independ- 
ence. However, with mutually exclusive (allelic) antigen fac- 
tors, Lederberg and Edwards (’53) have been able to trans- 
duce in both directions. It is interesting to note that in the 
transformed cells containing the transduced antigen factor 
there is no evidence for either the previous phenotype or 
genotype. Thus transduction involves not only addition of 
factors but also a substitutive replacement. 

Again transduction can not only transfer over bacterial 
characteristics, but — as in any genetic system — it can dissect 
similar phenotypes controlled by different genetic factors. 
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Isolates of mutations causing the same phenotype can often 
transduce each other to wild type (Zinder and Lederberg, 
02). By cross testing of many different nonmotile Salmonella 
strains (cells lacking the locomotor organelle, the flagellum), 
Stocker and his coworkers (’53) have found at least seven dif- 
ferent genes that control flagella formation. Thus transduc- 
tion provides a test for nonallelism. 

in the many instances of transduction cited there have been 
but few exceptions to the rule that individual markers are 
transduced independently of the others. Most of the previous 
studies have been with donor and recipient strains of differ- 
ent origin. In order to have isogenicity, except for the marker 
in question, a series of mutants have been obtained in a 
strain which was used both as donor and recipient. Five 
nutritional and two fermentative markers have been tested 
for linked transduction with one another and five other nu- 
tritional markers. Linkage of nutritional markers is sought 
in the following way. A lysate is obtained from one mutant 
requiring, for example, histidine for growth and applied to 
another mutant requiring, for example, tryptophan. The 
treated cells are plated upon medium containing the require- 
ment of the donor, histidine. The transductions are then tested 
for a histidine requirement by replica plating (Lederberg and 
Lederberg, ’52) to minimal and minimal-plus-histidine media. 
In this manner several hundred transductions can be readily 
scored. Linkage of nutritional to fermentative markers is 
sought by direct scoring of the transductions upon a medium 
which is an indicator of the fermentation. The study is a con- 
tinuing one, but as yet no linked transductions have been 
found. 

A number of instances of linked transduction have been 
found (Stocker e¢ al., ’53; Kauffmann, ’54) in studies 
of the factors controlling the function and antigenicity 
of the bacterial organelle, the flagellum. The flagella have 
associated with them a diagnostic antigen characteristic of 
the particular Salmonella species. The antigen-controlling 
loci form an allelic series (Lederberg and Edwards, 753). 
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When a nonmotile strain is transduced by a motile one which 
has a different flagella antigen, the transductions to motility 
generally exhibit the inferred flagella antigen of the recipient, 
not that of the donor. This then provides a separation of the 
genetic factors controlling antigenicity and function. In a 
number of instances not only are there found transductions 
to motility with the unveiling of the flagellar antigen latent 
in the recipient, but also motile cells with the antigen of the 
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Fig. 1 A schematic representation of one example of linked transduction. 
The dashed line represents the absence of flagella. The small letters represent 
the existing or latent flagellar antigen. 


donor, and in about equal frequency. Figure 1 is a diagram of 
one example of such linked transduction. A nonmotile strain 
which was presumed to be S. paratyphi B and, therefore, 
should have had flagellar antigen b was transduced with a 
lysate from a motile S. typhimurium strain with flagellar 
antigen ¢ Motile cells were obtained, some with antigen b 
and some with antigen 7. These latter assumedly received both 
a factor for motility and one for antigenicity. The linkage can 
be verified by progeny testing of the transductions. Lysates 
prepared from the b cells and applied to the original recipient 
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give only motile b cells, while lysates from the i cells give both 
b and 7 cells. A number of similar instances of linkage of 
different flagellar loci and the flagellar antigen locus have 
been found. By appropriate cross testing, Stocker (personal 
communication) has been able to position (map) three flagel- 
lar factors with respect to the antigen locus. 

Transduction then seems to involve the following: During 
the lysis of the donor bacteria active genetic material is re- 
leased which, at least in some instances, materially encompas- 
ses more than one gene and, taken as a whole, encompasses 
the entire bacterial genome. If the bacterial genetic material 
is organized into chromosomes, then some degree of fragmen- 
tation must have occurred. It is not possible at this time 
to estimate the size of such fragments, but it would not re- 
quire a very high degree of fragmentation to separate the 
numbers of markers that have been tested. For example, ten 
markers distributed at random among the chromosomes would 
with as few as forty equal-sized fragments exhibit no linkage. 
These fragments, when applied to appropriate recipient bac- 
teria, can replace their genetic homologs and thereafter 
be retained as an integral part of the bacterial genome. 


TRANSDUCTION AND BACTERIOPHAGE 


It was previously stated that the transduction was mediated 
by bacteriophages. The rationale behind this statement will be 
taken up later, but it is necessary first to digress for a 
discussion of the bacteriophage and its life cycle. 

Luria (53) definies viruses as ‘‘.. . submicroscopic entities, 
capable of being introduced into specific living cells and of re- 
producing inside such cells only.’’ The bacteriophages are 
those viruses attacking bacteria. Virulent phages, upon infect- 
ing appropriate bacteria, reproduce in every cell and ulti- 
mately lyse the cell releasing the phage progeny. Infected cells 
never survive the infection, even though phage reproduction 
may be inhibited; that is, nonviable phage will kill the infected 
cell. Temperate phages, on the other hand, exhibit two al- 
ternative pathways subsequent to infection (Lwoff, ’53) ; one 
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paralleling the action of virulent phage and the other estab- 
lishing with the infected bacterium a symbiotic relation 
(lysogeny). The proportion of cells in any culture reacting 
in either manner may be altered by the physiological environ- 
ment. It is quite apparent that transducing phages must be 
in this latter category. However, much of what is known 
about phage reproduction has been ascertained with the 
virulent phages and we shall use them as a model, modifying 
the detail as necessary when the information is available. 

After the mixing of a phage and its host the phage disap- 
pears for some time (latent period), and then the culture 
lyses and phage is again found in the supernatants. The 
events occurring during the latent period can be further 
studied by prematurely lysing the cells by a variety of means 
(Doermann, ’52). Again there is a period, about half of the 
latent period, in which no infective phage is found, and then 
phage accumulates continually up to and through the time of 
the beginning of spontaneous lysis. 

Further fractionation of the latent period has been ac- 
complished by the use of chemical and radioisotope pro- 
cedures. The bacteriophages are composed of almost equal 
parts of deoxyribonucleic acid (DNA) and protein. Hershey 
and Chase (’52) have shown for coliphage T2 that the nu- 
cleic acid is probably responsible for the genetic continuity of 
the phage. The phage T2 has a pyrimidine base, different from 
its bacterial host, hydroxymethyleytosine in place of cytosine 
(Wyatt and Cohen, ’52). By following the ratio of the bac- 
terial pyrimidine to phage pyrimidine subsequent to infection, 
Hershey and coworkers (753) have shown that the appearance 
of mature infective phage is preceded by the growth of a 
phage DNA precursor (vegetative phage), some of the com- 
ponent parts of which come from the bacterial host, the rest 
from new DNA synthesis. After a period, samples of the 
vegetative phage are matured by acquiring phage protein, 
presumably as a surrounding coat. This latter is responsible 
for the phage’s adsorptive and antigenic properties. 
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The temperate phages, when in the lytic cycle, apparently 
undergo similar processes. However, they may fail to initiate 
vegetative growth and, by as yet incompletely understood 
mechanisms, establish lysogenicity. The cells become carriers 
of what has been called prophage which is in essence the 
carrying of a potentiality to produce, either spontaneously 
(with a low fixed frequency) or by specific induction pro- 
cedures, mature phage (Lwoff, ’53). Several facts have led 
to the postulation of an intimate relation between the bacterial 
genome and the prophage. The general stability of the lyso- 
genic condition (the failure of the prophage to segregate 
during vegetative growth of the bacteria), the difficulty and 
rarity with which multiple lysogenesis for mutants of the same 
phage can be established (Bertani, ’53), and the segregation 
of lysogenesis in crosses of sensitive by lysogenic (Lederberg 
and Lederberg, ’53), all support the notion of a chromosomal 
site for the prophage. Lysogenic cells exhibit some proper- 
ties differentiating them from their sensitive parents, in par- 
ticular, they are immune to the application of the same or 
related phage. 

The phage with which we shall be concerned (PLT-22) was 
obtained from a lysogenic strain of Salmonella typhimurium 
(Zinder and Lederberg, ’52). It can be readily handled with 
those techniques developed for the virulent bacteriophages 
(Adams, ’50). Some of the phage’s properties are listed in 
table 1. These were obtained by use of a virulent mutant of 
the phage to facilitate technical problems. 

The phage was implicated in transduction by a variety of 
lines of evidence. Some of the evidence is listed in table 2. 
It is apparent that the phage as measured by plaque produc- 
tion and by the genetic effects share a host of common prop- 
erties, probably related to gross morphological structures or 
the ability of the phage to adsorb to bacteria subsequent to 
treatment. The limits of possible transduction with this phage 
are then defined by the phage’s adsorptive capacities. How- 
ever, other phages with other adsorption spectra may be 
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available. Baron (’53) has reported transduction with a to- 
tally unrelated Salmonella phage. 

The role played by the phage is primarily passive. It acts 
as a vehicle for the genetic material. The phage may have 
its specific site on a bacterial chromosome, but its transducing 
potentialities are in no obvious way limited by its presumed 
position; all markers are transducible. 


TABLE 1 


Some properties of Salmonella phage PLT-22 


PROPERTY MEASURE 

Size 50-60 mu (electron microscopy) 

Shape Hexagonal head with short stubby tail 

Adsorption Rapid 

Latent period 30-32 minutes 

First mature phage 20 minutes 

Burst size broth 800-1000 

Plaques Large and rapid forming 

Base composition * Adenine, thymine, guanine, and cytosine 
(equimolar ) 

Phosphorus content * 10 pg/phage 

Phosphorus from host * 10-20% 

Phosphorus transfer 30-40% 


to progeny phage * 


*Garen and Zinder, unpublished. 


TABLE 2 


Some properties of the bacteriophage and the transducing material 


PROPERTY COMMON REMARKS 

Size + Ultrafiltration and ultracentrifugation 
Antigen + Kineties of inactivation by antiserum 

Heat sensitivity + Kineties of inactivation 

Site of adsorption + Adsorption on a variety of Salmonella species 
Osmotic shock + Both resistant 

Ultrasonics + Kineties of inactivation 

Effect of DNAase + No effect 

Effect of RNAase + No effect 

Effect of trypsin + No effect 


Ultraviolet Phage and transducing material with different 


kineties of inactivation 
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Donor cells must of course be phage sensitive. However, 
recipient cells may also be phage sensitive. The transductions 
are then found among the lysogenic survivors of the infection, 
which under certain conditions of multiple infection amount 
to a considerable proportion of the infected cells (Boyd, ’51). 
Transduction can also be assayed with lysogenic cells, cells 
already carrying a prophage. In this instance, phage pene- 
trates but does not lyse the cells, neither does it establish lyso- 
genicity nor replace the preexistant prophage. The phage also 
ean transduce cells for which it is poorly adapted for growth, 


TABLE 3 


A comparison of the lysogenation of randomly infected cells and the transductions 


MULTIPLICITY OF 


INFECTION NUMBER OF FRACTION OF CELLS FRACTION OF 
TRANSDUCTIONS PER AT LARGE LYSOGENIZED TRANSDUOCTIONS 
Phage Phage 2 x 108 BACTERIA AND PHAGE LYSOGENIZED AND PHAGE © 
A® Be 
1 0 580 13/40 A 38/40 A 
6 0 3900 20/20 A 20/20 A 
as 5 670 4/30 A; 26/30 B 2/30 A; 28/30 B 


2 Transducing phage with haloed plaque. 
» Nontransducing phage with nonhaloed plaque. 
¢ Following purification. 


lysing but 10~° or less. The frequency of transduction for 
any particular marker may vary with the differing conditions 
of the recipient, but by a smaller factor than the phage’s 
lysogenizing capacity. 

The following experiment demonstrates explicitly the car- 
rier role of the phage. The recipient cells were phage sensi- 
tive. They were infected with one phage particle per bac- 
terium, and the lysogenization of the cells at large and the 
transductions in particular determined. At this multiplicity 
some 40% of the cells are uninfected. Of the remaining 60% 
of the cells about half are lysed, and the other half are lyso- 
genized. We note that a few of the transductions are not lyso- 
genic (table 3). Another aliquot of the cells were infected 
with six particles, and we note that there is no evidence for 
interference, more than one particle can transduce. Still 
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another aliquot was infected with one effective phage particle 
and five particles which could not transduce the marker in 
question. The secondary phage could be differentiated from 
the transducing phage; it was a plaque morphology mutant. 
The lysogenizations of the cells at random and of the trans- 
ductions were the same. The transductions were lysogenized 
in accordance with the ratio of the two phages, not according 
to the phages transducing abilities. 

The phage, although essentially passive, can in some in- 
stances markedly affect the efficiency of transduction. With 
sensitive cells, the phage lysogenizes some proportion of the 
cells, and it is among these that transductions are found. Both 
the physiology of the cell and the number of infecting phage 
particles, in this instance, affect the frequency of lysogeniza- 
tion. In infection on the other kinds of recipient cells there 
is an as yet barely known phenomenology, and the line be- 
tween phage-determined and transducing effects may not 
always be clear. We may cite one example where the kind 
of recipient, cell physiology, and multiplicity of infection all 
play a role. When phage-sensitive cells which have been lyso- 
genized (carry prophage and are immune to superinfection) 
are used to assay transduction, the efficiency of the transduc- 
tion falls about a factor of 20. If the cells are old, the assay 
is not quite linear with the multiplicity of infection. With a 
multiplicity of one, there is obtained one-third to one-fourth 
of the number expected from a multiplicity of five. If, on the 
other hand, young log-phase cells are used, almost no trans- 
ductions are found at a multiplicity of one. That this is not 
an adsorption artifact is shown by the restoration of trans- 
ductions upon addition of about twenty nontransducing phage 
particles. In all these instances, all the cells survive the in- 
fection. Thus, dependent on the physiology of the cells, the 
concerted action of a number of extraneous phage particles 
are required to bring about transduction. 

If the phage is considered to act primarily as a carrier, 
the proposed mechanism of phage infection, i.e., injection of 
nucleic acid (Hershey and Chase, ’52), makes it seem likely 
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that transduction combines the features of phage infection, 
the injection of phage nucleic acid, and bacterial transforma- 
tion the penetration and establishment of unaltered bacterial 
nucleic acid. Some attempts to elucidate the mechanism 
whereby the bacterial and the phage nucleic acid come to- 
gether will now be discussed. 

Since the wild-type temperate phage lyses only a fraction 
of the infected cells, the following experiments were carried 
out with a virulent mutant of the phage—one unable to 
establish lysogenicity and lysing almost all of infected sensi- 
tive cells. This virulent mutant does, however, transduce in 
the proper assay system at frequencies comparable to those 
of the parental phage. There are two techniques for assaying 
transduction by virulent phage: (1) use of cells that are lyso- 
genic, immune to lysis by this phage although it does pene- 
trate, and applying to a constant number of cells some dilu- 
tion of phage; (2) use of phage-sensitive cells, infected at a 
multiplicity of one or less with the virulent phage to be 
assayed, and simultaneously infecting them with a high 
multiplicity of nontransducing, lysogenizing phage. With 
this procedure, over 90% of the cells survive the infection. 
The disadvantage of the first procedure (fall in efficiency and 
nonlinearity of the assay) has already been mentioned. The 
second procedure is limited in that the ratio of effective phage 
to cells must be kept low. The data presented were collected 
by both methods and so will not always have the same ab- 
solute value. 

The concept of nontransducing phage has been introduced 
and its uses pointed out. It was necessary to determine 
whether there was any carryover at all of transducing ma- 
terial from phage generation to phage generation. Phage 
was recovered from a histidine-independent (H*) strain and 
found to contain three histidine-transducing elements per mil- 
lion phage particles; a transduction/phage ratio (T/P) of 
3/10°. From this preparation, 5 x 10° phage containing 1500 
Ht-transducing elements, were used to infect 2.5 x 10° 
histidine-dependent cells (H~). The yield of phage was 
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7.5 X 10°. If we assume 100% transfer of the bacterial gene- 
tic material, the 1500 H+ elements should have been dis- 
tributed among these phages giving a T/P of 2/108. The 
activity found was less than 1/10°. Thus there is little if 
any transfer of transducing material from first to second 
generation phage, despite the fact that about 40% of bacterio- 
phage phosphorus (table 2), presumably reflecting nucleic 
acid, is transferred. Therefore, all transducing elements as- 
sociated with any phage preparation were obtained during 
the previous growth cycle. 

Most of the studies on the incorporation of bacterial ele- 
ments into phage have been concerned with a histidine marker. 
Histidine-independent cells are prematurely lysed following 
infection by the addition of KCN up to 0.01 M. Because of 
the relatively low activity per phage it is necessary to ac- 
complish the experiments at fairly high cell densities. This 
causes some nonreproducibility in the timing of the experi- 
ments, making for some difficulty in comparing experiments, 
and also causes some loss of phage subsequent to the onset 
of natural lysis. However, the datum activity per phage 
(T/P) should be independent of the total amount of recovered 
phage. Figure 2 shows that for cells grown and lysed in broth 
the T/P rises rapidly at first, at a rate comparable to that 
of the phage. In synthetic medium the shape of the curve is 
similar, but the T/P for any particular burst size is higher 
in this medium than in the broth. When synthetic-grown 
cells are lysed in broth medium, the T/P remains constant 
throughout the experiment, although the phage has a growth 
curve similar to that of the synthetic system. As determined 
by end-point data, such things as medium of growth, medium 
of lysis, and temperature, all participate in determining the 
amount of material incorporated into phage. Table 4 illus- 
trates typical end-point data and the corresponding burst 
sizes for the histidine marker. 

End-point data have shown that different bacterial char- 
acteristics are transduced at different frequencies by the 
same lysate. But end-point data are arbitrarily fixed by the 
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moment of lysis of the cells. Figure 3 illustrates the results 
obtained for three different markers for broth-grown cells 
lysed in broth. The histidine marker is depicted as following 
its usual ascending T/P, whereas the T/P for the purine 
marker remains essentially constant. The leucine marker, 
which is usually transduced at low frequency, begins to appear 
just a few minutes prior to the termination of the experiment. 


1000 


100 


PLAQUES 
NO. OF TRANSDUCTIONS PER PHAGE (T/P) 


20 24 28 32 36 40 44 
TIME (min) 


Fig. 2 The growth of phage in different media and its effect on the in- 
corporation of the histidine marker. Curves I and II are idealized growth curves of 
phage in broth and synthetic media, respectively. The curve for the synthetic 
media was moved back 2 minutes in time so that direct comparison of the ac- 
tivities per burst size are possible. Curve III represents the T/P for cells grown 
and lysed in synthetic media, curve IV the same for broth-grown and -lysed cells, 
and curve V for cells grown in synthetic medium and lysed in broth, 
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Several other markers have been similarly tested, and it would 
seem that there are a family of curves bounded at one end by 
the appearance of mature phage, and at the other by the 
termination of cell lysis. Within this range, some of the 
markers appear at a maximum T/P and retain it, others 
ascend and attain their maximum by the end, and still others 
are just ascending when the experiment terminates. The end- 
point T/P for these last markers is the most susceptible to 
physiological conditions, since anything which would shift 
the time constants slightly would markedly affect the end- 
point ratio. In table 4 are compared end-point data for the 


TABLE 4 


Effect of environmental conditions on the incorporation of the histidine marker 
into bacteriophage (end-point data) 


See dade MEDIUM OF LYSIS veo.) ‘Wiis T/Pa BURST SIZE 
Broth Broth 37 2.6/10° 1000 
Broth Broth 25 1.0/10$ 600 
Broth Synthetic 37 I AMO 100 
Broth Synthetic + cas. hyd. 37 9.1/10° 100 
Synthetic Synthetic 37 5.2/107 400 
Synthetic Broth 37 1.1/10' 450 


2 Assayed by procedure 1. 


three and one other low-frequency marker for broth and 
synthetic medium systems. The purine and the histidine 
markers show a rise in the T/P, but of much smaller magni- 
tude than the two low-frequency markers. The kinetic data 
(fig. 4) show a general shift of the curves toward the be- 
ginning of the latent period. It may be seen that the total 
amount of transducing material obtained per bacterium lysed 
is about the same in both media for the markers that had 
attained maximum T/P, the difference in T/P being com- 
pensated by a difference in burst size. For the other markers, 
substantial increases in the amount of transducing material 
were obtained. 
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In this connection it is interesting to note that in no in- 
stance has there been a fall in the T/P as the phage grows. 
That is, all increments of phage have resulted in an increment 
in the total amount of transducing material. The phage has 
not, in the interval allowed before lysis, taken up all of the 


1o7 


PHAGE ——> 


PLAQUES 
NO.OF TRANSDUCTIONS PER PHAGE (T/P) 


10 io°8 
20 24 28 32 36 40 44 
TIME (min) 
Fig. 3 The phage growth curve from 10° cells grown and lysed - prone 
and the corresponding T/P for three different markers — purine (P), histidine 
(H), and leucine (L). 
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potentially available material. Although lysis inhibition can 
be brought about, there is no increase in burst size. The large 
natural burst size is probably maximal. 

We, therefore, cannot extend the boundary at the termina- 
tion of the experiment. We also cannot delve into the period 
prior to phage maturation, since it requires infective phage 


PLAQUES 


io”? 


NO. OF TRANSDUCTIONS PER PHAGE (T/P) 


10-8 


22 26 30 34 38 42 46 
TIME (min) 


Fig. 4 The phage growth from 2X 10° cells grown and lysed in syn- 
thetic medium and the corresponding T/P for three different markers, 
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for transduction. No transducing particles are found in ly- 
sates produced in the presence of the drug proflavin, although 
presumably here, as with the coliphages, all events prior to 
maturation occur (De Mars e¢ al., ’53). The period subse- 
quent to maturation can be further dissected with respect to 
phage growth and the incorporation of transducing material. 
Preliminary experiments with metabolic inhibitors, applied 
after the beginning of maturation, indicate that, whereas 
phage growth can be reversibly inhibited, the incorporation 
of transducing elements is almost irreversibly inhibited. Thus 
there is no obligate coupling of phage growth and incorpora- 
tion of active transducing material even in an already func- 
tioning system. 


DISCUSSION 


It is quite apparent that transduction as found in Salmo- 
nella may be considered a transformation, in the pneumococcus 
sense, aided by having a vehicle for the penetration of bac- 
teria, a bacteriophage. That is, there is incorporated into 
phage, during its vegetative growth, fragments of the host’s 
genetic material which have retained their biological spe- 
cificity. The relative stability of this material, especially to 
the enzyme deoxyribonuclease, may be taken to mean that it 
is protected by the same structure, the protein coat, that pro- 
tects the phage nucleic acid. Although this transducing ma- 
terial might be an integral structural entity of the phage, it 
is unnecessary for the genetic continuity of the phage; it is 
not heritable. 

Once it penetrates the recipient, this transducing material 
apparently disassociates itself from the phage nucleic acid; 
the bacterial nucleic acid attempts the transformation and the 
phage attempts lysogenization, with no obligate correlation 
of their individual successes and failures. However, the phage 
may play a role in timing the release of the material trans- 
duced, or in altering the receptivity of the cells. We may re- 
call that young lysogenic cells must be multiply infected for 
transduction to occur, and that this excess phage can be non- 
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transducing for the marker in question. Experiments by 
Hotchkiss on the transformability of pneumococci during 
‘synchronous’? growth, following heat treatment, suggest 
cyclical changes in the receptivity of cells for added frag- 
ments. It is possible that multiple phage infection could pro- 
duce similar effects in altering receptivity. 

The ultimate mechanism by which added fragments are in- 
corporated into the bacterial genome is unknown. If, as seems 
likely, the bacterial genetic material is organized into chromo- 
somes, then transduction and transformation both require 
some kind of crossing-over process between a chromosome 
and a fragment. For complete integration — these processes 
then require double crossovers and, consequently, mechanical 
models of crossing over are complex. A simpler model assumes 
incorporation of the new material during chromosome re- 
plication. The added fragment would pair with its genetic 
homolog and this complex would act as a template for the 
duplication. 

In viewing the still incomplete data on the incorporation 
of bacterial elements into phage, we are again faced with com- 
plexity. In this instance we cannot, as with coliphage T2, 
differentiate phage and bacterial nucleic acid. We can only use 
the model of DNA metabolism, developed for colon bacillus 
infected with phage T2, by analogy, without being able to 
confirm it. With T2, after infection, the synthesis of bacterial 
DNA ceases and the synthesis of phage DNA begins. The pre- 
existing bacterial nucleic acid is broken down and converted 
into phage nucleic acid, throughout the growth of the phage 
(Hershey e# al., 53). The Salmonella phage obtains almost 
all of the DNA phosphorus present in the bacterial host, and 
about half of this phosphorus is transferred to phage pro- 
geny (see table 1). The amount of transfer from bacteria to 
phage seems much too large to represent specifically the 
transducing material, and the amount of transfer from phage 
to phage stands in contrast with the complete turnover of the 
transducing material. The failure of the radioisotope data 
to correlate with the transducing data may be taken to mean 
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that the obtaining of transducing elements is only a small part 
of the over-all reaction, and that here, as in coliphage T2, 
the major portion of bacterial nucleic acid is converted to 
phage nucleic acid. If transduction involves the transfer of 
unaltered bacterial nucleic acid, it must be obtained before it 
it changed over. 

What role does the recipient play in the interpretation of 
the data? The recipient can influence the absolute value of 
the assay for any particular marker; that is, determine the 
probability of the proper particle producing its effect. There 
is no method of estimating this efficiency factor at this time. 
The recipient cannot influence the relative values of prepara- 
tions prepared at different times or under different physio- 
logical conditions. The differences in the transduction fre- 
quencies of the different markers may be in part due to 
differences in receptivity, but the fact that the T/P of some 
markers has become maximal, while others are still increasing, 
would indicate that receptivity is not the sole explanation. 

The following tentative picture for the incorporation of 
transducing elements into phage is proposed. The maximum 
amount of material available is a function of the number of 
infected bacteria. In Salmonella cultures growing in the log- 
arithmic phase there are on the average four nuclei per cell, 
and it is this that we draw upon. It is to be remembered that 
at the end point the yield is only one transducing particle for 
any marker per three to five hundred lysed bacteria (although 
an unknown efficiency factor goes into this calculation), and 
less per nucleus, and probably still less per gene replica. 
Thus the data are the averages of the happenings in many 
individual bacteria which may not be doing the same things 
at the same time. 

The most salient feature of the data is the maintenance 
of the relative rank of the T/P of the different markers. 
Three markers A, B, and C which appear among the phage in 
that order in one experiment, appear consistently in that 
order in the different physiological conditions. This would 
indicate that they are not equally available at any particular 
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time, and this, in turn, may be a reflection of their previous 
organization. Positioning the genes on some structure, a 
chromosome which was being broken down in some sequential 
manner, would be the simplest explanation. The rising T/P 
could be explained in a similar fashion. That is, as the struc- 
ture is breaking down and the transducing elements become 
available, different bacteria reach the same point at different 
times. What is changing, in time, is not the probability of 
incorporation, but rather the numbers of bacteria in which in- 
corporation can occur. Since in no instance does the T/P 
fall, with further phage synthesis, there must be some excess 
material still available and the amounts depleted by the early 
incorporation negligible in comparison with the total amounts 
available. 

It is not yet possible to point with any certainty to any 
stage of the phage growth cycle and say that at this time 
the transducing elements are incorporated. The data would 
fit the notion that incorporation occurs at the maturation step, 
with a constant probability per maturation, but other mech- 
anisms cannot be excluded. 

In many ways it would seem that what we obtain in the way 
of transducing elements are the dregs of reactions more per- 
tinent to phage reproduction. Although temperate phage is 
requisite for the demonstration of transduction, transduction 
is not contingent on the phage’s temperate character, the 
ability to lysogenize, but rather seems a reflection of the fact 
that phage growth involves a kind of nucleic acid parasitism. 


DISCUSSION 


PioucH: I have a question based on results of our Am- 
herst group with Salmonella typhimurium which bears on 
the general interpretation of the phenomenon. Transduction 
is thought of as a series of point-by-point gene changes, and is 
also described as a series of transformations of the pneumo- 
coccus type which may or may not be specific. I should like 
to present once again the view, based on our data, that a uni- 
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fying concept is that transductions are the result of non- 
specific mutagenic effects of phage or phage-released products. 

We have one major lysogenic or bacteriophage-carrying 
strain and a number of nonlysogenic strains. We have re- 
ported cases of what appeared to be multiple transductions, 
but we can no longer maintain this interpretation, since we 
found that three separate requirements on one strain are 
determined by one gene. 


TABLE 5 


Comparison of end-point data for the transduction of four different bacterial 
characteristics by bacteriophage grown under different conditions 


TOTAL TRANSDUOING 


MARKER GROWTH SYSTEM T/pa BURST SIZE MATERIAL 
PER 10° BAOTERIA 
Purine Broth-broth 1.5/10° 800 120,000 
Synthetic-synthetie 3.0/10° 400 120,000 
Histidine Broth-broth 1,2/10° 800 96,000 
Synthetic-synthetic 3.0/10° 400 120,000 
Leucine Broth-broth 8.0/10° 800 6,400 
Synthetic-synthetic PF / 10° 400 68,000 
Serine Broth-broth 3.1/10° 800 2,400 
Synthetic-synthetic 9.1/10" 400 36,000 


2 Assayed by procedure 2. 


We expose one of the mutant strains of nonlysogenic stock 
requiring the amino acids, histidine, and leucine to a cell-free 
filtrate from a lysogenic prototroph. We then make heavy 
surface platings by the ingenious technique of Demerec and 
Cahn using separate plates supplemented for tests of rever- 
sion to histidine-plus and for leucine-plus. Such tests show an 
increase in frequency in the reversions to histidineless of more 
than three hundred times, and in the reversions to leucineless 
of over a hundred times, the spontaneous reversion rate of 
the controls. If the same strain is subjected to ultraviolet, 
reversions of both sorts appear with the same order of fre- 
quency but at a much lower rate. There are certain differ- 
ences, however. From counts of the percentage of the muta- 
tions which have appeared after successive divisions following 
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exposure, it is clear that radiation-induced reversions con- 
tinue to appear up to the eleventh division but phage-induced 
reversions all appear at the first division. 

Table 6 shows results which appear to me to be difficult 
to account for, according to the current interpretation of 
transduction, and to be somewhat more easily understood 
if we assume a general mutagenic effect of bacteriophage. 


TABLE 6 


One-step reversion isolated after exposure to cell filtrates 


REQUIREMENTS 
STRAIN NO. LYSOGENIO Re ceae rena 
(1) (2) 
533-480-57 — B b Leucine and histidine 
549-59-19 te A2 a2 Proline and threonine 
549-8-13 + A3 a3 Cysteine and proline 
NO. OF REVERSIONS PER PLATE 
M ABO R UIREMENTS TO 
onnts oe TIL TYPE 
(1) (2) 
B A3 237 34 
a3 b 0 0 
b a3 87 12 
A2 b 0 0 
a3 0 0 
a3 b 1 150 
b a3 0 0 
A3 a3 0 0 
a3 b 0 0 
b a3 0 0 


Cells are exposed by suspension in the filtrate for one hour or 
more, then centrifuged and resuspended in the culture me- 
dium. When a double exposure to filtrate is indicated, it is 
made by growing the second culture in the initial filtrate over- 
night and recentrifuging. First, as the table shows, B cells 
(nonlysogenic) show reversions to both leucineless and his- 
tidineless following exposure to phage carrying filtrate (a3). 
This reversion-producing effect is prevented if the phage- 
carrying filtrate is subsequently exposed to the B cells and 
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retested (a3 b). This seems difficult to account for on the cur- 
rent transduction scheme. 

Second, the phage-bearing filtrate (a3) produces reversions 
of threonineless in the A2 (lysogenic) cells only if fol- 
lowed by exposure to B cells (a3 b). This is a typical case of 
transduction, but it seems strange that it should not act also to 
produce an increase in threonineless reversions. A difference 
in the sensitivity to a mutagenic agent of different genes is 
frequently encountered. The results with 43 cells, the source 
of the phage, are perhaps to be expected on either interpreta- 
tion. 

It appears to me that such results, together with the many 
nonspecific effects already reported in the antigenic studies 
of Stoker, Zinder, and Lederberg, are most easily interpreted 
on the view of a general mutagenic effect of products released 
from cells lysed by phage. 

[July 1954. After examining table 6 in manuscript, Dr. 
Zinder suggests that the data do not contradict the transduc- 
tion pattern, but indeed may confirm it. The results are not 
inconsistent with the assumption that the phage carries gene- 
tic units only from the last strain exposed to it, whether A 
or B. If subsequent tests conform to this behavior, our re- 
sults must be interpreted as additional independent cases of 
transduction rather than mutagenesis. | 

Lennox: Dr. G. Bertani and I have recently demonstrated 
transduction in some strains of Escherichia coli, using sterile 
lysates of the temperate bacteriophage P1 which was isolated 
originally from FE. coli strain Lisbonne. Three different 
genetic characters have been so far transduced: arginine- 
requiring to arginine independence; galactose-nonfermenting 
to galactose-fermenting — both in EL. coli strain C; and strep- 
tomycin dependence to independence in E£, coli strain B. The 
lysate of P1 was prepared on a strain of Shigella dysenteriae. 

DeLAMATER: It seems to me to be pertinent to mention 
that during the last 2 years Salmonella typhosa has been 
studied in considerable detail in our laboratory by Minsavage. 
The nuclear activity in this organism appears to follow the 
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pattern that has been previously described as mitotic. As in 
Bacillus megatherium, the chromosomes appear to be con- 
tinuously confined within a definable membrane and the cen- 
trioles appear to reside outside the membrane. 

The action of colchicine on the nuclear apparatus of this 
organism has been studied extensively. In addition to a dem- 
onstration of inhibition of mitosis in about 10% of the cells, 
it has been possible to define a ‘‘transient polyploidy’’ com- 
parable to what has been observed in B. megathertum when 
this organism is exposed to terramycin. If we accept the work 
of Levan and follow his interpretation of the effect of col- 
chicine as indicating a mitotic process, then the present evi- 
dence supports the view that a mitotic mechanism occurs in 
the bacteria studied. 

In Salmonella, as in E. coli, three discrete chromosomal 
bodies have been observed. Whether this number constitutes 
the real haploid chromosome number cannot yet be said. As 
with the other bacteria studied, the chromosomes in S. typhosa 
likewise undergo an elongation and contraction during the 
mitotic cycle. 

With reference to Dr. Hotchkiss’ paper, Dr. Hotchkiss 
kindly sent me a strain of Pneumococcus for cytologic study. 
Unfortunately, his organism is too small to permit visualiza- 
tion of any intrinsic structure within the nucleus. 

Linpecren: I should like to ask Dr. Zinder and Dr. Hotch- 
kiss how they reconcile the conflict between classical genetics 
and the phenomenon of transduction and transformation. It 
seems quite clear that Tatum and Lederberg’s experiments 
on hybridizing colon bacilli would not have been possible if 
transduction or transformation occurred in the colon bacilli. 
The DNA from one parent is in direct contact with the DNA 
from the other in a hybrid and one might expect positive 
transduction to occur; all the progeny should be relatively 
identical. 

In the current experiments, exposure of an extract from 
the chromosome of one parent transforms the other parent. 
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Do you attempt to reconcile this picture to classical genetics, 
or what is your reaction? 

Dremerec: Last fall we started to work with Salmonella, 
since in that organism it is possible to determine whether 
or not two similar mutants are allelic, using transduction 
tests devised by Zinder and Lederberg. Our main interest 
is the study of spontaneous and induced mutability in genes, 
and in this problem information about the allelic relations 
of similar mutants is of considerable importance. 

The determination of allelism is very simple and positive. 
For example, if we wish to find out if two cystineless strains 
which are independent in origin are allelic, temperate phage is 
raised on each of them. If they are not alleles, the temperate 
phage raised on one strain will transduce the other, and vice 
versa; whereas if they are allelic, no transduction will take 
place. 

In our experiments with strain LT2 of 8. typhimuriwm (in 
experiments with galactose-fermentation mutants we also 
used strain LT7) obtained from Zinder, we have collected 
about 130 independently originating nutritional deficiencies. 
The collection includes 36 cystineless, 24 prolineless, 24 serine- 
less, 18 histidineless, and 9 tryptophanless mutants. Trans- 
duction studies for allelism revealed an interesting series 
of groupings. For example, we found that cystineless-20 
(cys-20) did not give any transduction with cys-1, -3, -5, -13, 
-21, or -22; thus it is allelic to all of them. Similarly, cys-3 
and cys-5 proved to be allelic to each other. But transduction 
took place among cys-1, -13, -21, and -22, and between each of 
these and cys-3 and cys-5. However, the number of transduc- 
tions observed between members of this group was consider- 
ably smaller than the number of observed when we used phage 
raised on the wild-type strain of bacteria or on any other 
cystineless strain not belonging to this group. For example, 
in experiments with similar numbers of bacteria and phage 
particles, cys-1 gave 3 transductions with phage from cys-3, 
but 204 transductions with phage from the wild-type strain 
and 347 with phage from cys-8. 
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In our material we have found four such groups among 
the 29 cystineless mutants tested, and two groups among 12 
prolineless mutants. Our tests have indicated that in one 
of the cystineless groups the cystine deficiency can be par- 
tially satisfied, in each of the strains, by cystathionine, and 
that in the strains of another group it can be partially satis- 
fied by either methionine, homocysteine, homoserine, or cysta- 
thionine. 

These results favor the assumption that the members of 
each group are allelic to one another, in which case the rela- 
tively small number of transductions that were obtained 
within a group might be due to some process similar to that 
responsible for recombination between pseudoalleles. 
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THREE FIGURES 


A single bacterium infected with several closely related 
virus particles may produce a population of progeny 
viruses some of which receive genetic properties character- 
istic of different parental particles. This result, first observed 
by Delbriick and Bailey (’46) and analyzed in terms of genetic 
recombination by Hershey and Rotman (’48, ’49), provides 
the reason for discussing bacteriophage genetics in a sym- 
posium devoted to the understanding of genetic recombination. 
Whether recombinations in macroorganisms and in phage 
depend on similar phenomena, or whether indeed they have 
anything in common, remains to be determined. The purpose 
of this paper is to give a summary account of the facts of 
phage recombination and a brief description of a currently 
acceptable model for this phenomenon. To this review will 
be added a few recent and preliminary experiments designed 
to restrict further the present model. 

Only a very limited group of lytic phages will be discussed 
here for the simple reason that it is the only group about 

1Most of the new experiments described in this paper were performed by the 
first two authors at the Biology Division of the Oak Ridge National Laboratory 
under Contract No. W-7405-eng-26 for the Atomic Energy Commission. 

The remainder of the recent experiments and most of the analyses were com- 


pleted at the University of Rochester and supported by a research grant, C-2306, 
from the National Cancer Institute of the National Institutes of Health, Public 


Health Service. 
2 Present address: Department of Biology, University of Rochester, Rochester, 
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which sufficient information is available to restrict models 
which might be formulated. The so-called T-even group 
(Benzer et al., ’50) of phages active against Escherichia colt 
strain B will be considered, and from this group phages 
T2 and T4 exclusively will be dealt with. These two phages 
are sufficiently closely related that, in general, facts obtained 
with one appear to be applicable to the other. For example, 
they are serologically related, but distinguishable; they are 
indistinguishable in the electron microscope; perhaps more 
crucial to the present discussion, they can grow simultaneously 
in the same cell (with limited interference, Delbriick and 
Bailey, ’46) and produce genetic recombinants with each 
other. Other points of similarity or difference will be men- 
tioned where they apply. 

Perhaps the only method which need be mentioned is that 
of making a cross. This term refers to infection of bacteria 
under such conditions that two genetically different parental 
particles will be reproduced within the same cell. With ap- 
propriate genetic markers, recombinants can be identified 
by their host range (Luria, ’45) and by their plaque mor- 
phology (Hershey and Rotman, ’49; Doermann and Hill, 
53). Further information on the materials and methods 
may be had by consulting any of several reviews (Benzer et 
al., 50; Adams, ’50). 


THE GENETIC STRUCTURE AND INFORMATION 
ABOUT ITS REPLICATION 


Experiments have yielded several facts pertaining to the 
genetic structure and its replication. The first, and perhaps the 
most fundamental result concerns the recombination values ob- 
tained when crosses are made with stocks containing the 
various genetic markers. Recombination values from both 
2- and 3-factor crosses in T2 as well as in T4 can be sum- 
marized in terms of genetic maps based on the assumption 
that the markers have a definite location in a linear structure 
(Hershey and Rotman, ’48, ’49; Visconti and Delbriick, °53; 
Doermann and Hill, 53; Doermann, ’53). The slight negative 
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interference apparent in the data will be discussed subse- 
quently. It is perhaps sufficient to say that in both T2 and 
T4 three linkage groups have been found, and that by placing 
r (rapid lysis) and m (minute) loci from T2 into T4, it has 
been possible to obtain evidence that the linkage structures 
in one phage have homologous counterparts in the other 
(Doermann and Hill, ’53). 

One significant experimental fact is available concerning 
the kinetics of reproduction of these genetic structures. Luria 
(751), in examining the distribution of spontaneous mutants 
among individual host cells, found that the mutants were not 
distributed randomly among the individual bacteria, but 
clonally. The sizes of the individual clones fell into an ex- 
ponential distribution, with many bursts containing a single 
mutant, fewer bursts containing two, still fewer three, and so 
on. The data clearly rule out all hypotheses which hold that 
the daughter genetic structures are produced exclusively on 
templates associated with the original infecting particles. 
They leave no doubt that the daughter elements may them- 
selves act as templates. 

Investigations of the last few years have made it clear, how- 
ever, that although replication of the genetic structures in- 
volves steps of an exponential nature, the whole infectious 
virus particle is not being reproduced by serial fissions. 
Rather, the process of replication is going on at a time when 
the virus particle is in a noninfectious state, the vegetative 
state. The existence of this state as distinct from the infecti- 
ous state can be inferred from the following experiments. A 
bacterium may be infected with several phage particles and 
soon thereafter broken up and its virus contents assayed. The 
bacterium, had it not been disrupted, would have produced 
a normal crop of phage; but in spite of this no particles can 
be found within it during the first half of the intracellular 
period. The infecting particles are evidently incapable of 
repeating the act of infection (Doermann, 52). When this 
experiment is performed with bacteria infected with two types 
of phage differing from each other by two or more genetic 
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factors, it is further found that the earliest obtainable in- 
fectious phage crop already contains genetic recombinants 
(Doermann, ’53). The conclusion cannot easily be avoided 
that genetic recombination had occurred when the virus par- 
ticles were in the vegetative state. 

The physical explanation of the change of state upon infec- 
tion is provided by the experiments of Hershey and Chase 
(52) who showed that the sulfur-containing protein mem- 
brane of the phage remains attached to the outside of the 
bacterium and may, shortly after infection, be removed from 
the infected cell without affecting the phage production of 
the cell. The phosphorus-containing fraction, largely deoxy- 
ribonucleic acid (DNA), enters the cell and apparently pre- 
sides over the construction of new virus. 

After the discovery that genetic recombination must occur 
during the vegetative state, it can be further deduced that 
multiplication of genetic structures must also occur during 
that stage. Hershey and Rotman (’49) showed that recom- 
binants are distributed randomly among individual bacteria 
and not clonally. The fact, noted previously, that the first 
infectious particles formed in cells may already be recom- 
binants, implies: that these early recombinants must grow 
into clones on any hypothesis which permits exponential 
replication of infectious particles. 

Since all practically usable methods of enumerating bac- 
teriophage particles and of differentiating between genetic 
types depend on the infectious property of the virus, the 
vegetative state masks both the phenomenon of replication 
and the phenomenon of recombination. It is precisely these 
processes which one would like to study in phage.. It therefore 
becomes necessary to turn to less direct experiments which 
depend on extrapolating from the infectious population within 
a bacterium to the vegetative population. 

This approach has given several results which will assist 
in formulating a model for genetic recombination in phage. 
One is the observation that a drift in the proportion of intra- 
cellular recombinants occurs with time. When the intra- 
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cellular population is sampled at intervals by premature, 
normal, or delayed lysis, it is found that the recombinant 
fraction increases, approaching genetic equilibrium. For ex- 
ample, the percentage of recombinants for r;,; and h in T2H 
is, according to Levinthal and Visconti (’53), about 2.6 at 
normal lysis, but rises to 11.8% when lysis is inhibited. Sim- 
ilarly, in the cross tw. X tuy, in T4 the proportion of recom- 
binants at normal lysis is about 11.5%, but if the yield is 
obtained by early premature lysis only 6% recombinants are 
found (Doermann, ’53). 

Another series of experiments leads to the conclusion that 
the acts by which recombination is accomplished (hereafter 
called matings) occur repetitively. It was already noted in 
the first recombination study by Hershey and Rotman (’48) 
that when a cell is infected with three types of phage, a +-, 
+b-+, and +-+ ¢, the yield includes recombinants of the abe 
genotype, containing markers from each of three parents. That 
triparental recombinants of the abe genotype are not a rare 
occurrence was subsequently made clear by Hershey and 
Chase (’51), who showed that the proportion of such recom- 
binants approaches genetic equilibrium. 

Another result indicative of repetitive mating comes from 
two-factor crosses in which very unequal multiplicities of the 
parental types are used. Under these conditions, each of 
the recombinant classes was found in greater proportion than 
the minority parent (Doermann, 53). Clearly, this result 
could not come about from a single biparental mating. 


THE VISCONTI-DELBRUCK THEORY 


On the basis of the foregoing information and additional 
extrapolative experiments, Visconti and Delbriick (’53) for- 
mulated an algebraic theory to account for genetic recom- 
bination in phage. They visualized the life cycle of the virus as 
follows: Upon infecting the host cell, the parental phages 
are transformed from the infectious state to the vegetative 
state. In this condition they multiply exponentially until they 
form a moderate-sized pool of vegetative particles. As the 
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pool gets larger, the individual vegetative phage particles 
mate with one another and form genetic recombinants. The 
processes of replication, mating, and recombination continue 
until the cellular structure of the host is dispersed at lysis. 
Soon after mating begins in the pool, particles are removed 
from it and transformed into infectious phages, staying dor- 
mant and accumulating in that condition until they are lib- 
erated by lysis of the cell. 

The theory has three parameters: the number of repeated 
mating encountered per progeny particle; the probability of 
recombination with respect to any pair of genetic markers 
in any one round of mating; and the relative multiplicity of 
infection of the parental types. Visconti and Delbrtick mea- 
sured the average number of matings per particle for T2 in 
a cross involving three unlinked factors with the multiplicity 
of the two parents very unequal. Measuring the disappearance 
of the minority parent gave an estimate of about five matings 
per particle in a normal T2 latent period and indicated that 
the five matings were spread randomly in time and did not 
occur synchronously among the various particles. From 
genetic experiments Levinthal and Visconti (’53) estimated 
that the pool in which matings occur consists of about thirty 
vegetative particles. 

In addition to unifying and explaining satisfactorily the 
previously described heterogeneous information on the pro- 
cesses of replication and recombination, the theory predicts 
another well-established result, the phenomenon of negative 
interference. This prediction can easily be visualized quali- 
tatively if one imagines that the progeny is made up of two 
equal classes, one in which no matings at all have occurred and 
the other in which the individual particles have mated once. 
In the latter class the double recombinants may be precisely 
as expected on the basis of the frequencies of recombination 
in regions one and two. When the former class is added to 
the data, however, the observed individual recombination 
values will be reduced by a factor of 2. The expected number 
of doubles will be reduced by a factor of 4, while the observed 
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number of doubles will be reduced by a factor of only : 
Consequently, the latter will be too high by a factor of 2, 
showing apparent negative interference. A qualitatively sim- 
ilar result will be observed if the matings are randomly 
distributed around any average value. 

Experimentally, negative interference has invariably been 
observed in both 2-factor (Doermann and Hill, 53) and in 
3-factor crosses (Hershey and Rotman, ’48; Visconti and Del- 
brick, 53; Doermann, ’53). That the theory quantitatively 
accounts for these observations is indicated by the complete 
removal of the negative interference apparent in 2-factor 
mapping experiments when the value p, the probability of 
recombination per mating, is mapped. This value, calculated 
on the basis of Visconti-Delbriick kinetics, is freed from the 
disturbances caused by the fact that the population, sampled 
at any time, is a heterogeneous mixture of particles with dif- 
ferent amounts of mating experience. 


THE ROLE OF THE HETEROZYGOTE 


In general, the Visconti-Delbriick theory appears to describe 
well the kinetic aspects of recombination in phage. Since it 
was formulated, however, at least one major contribution has 
specified it further. One of the shortcomings of the original 
theory is that it contains no feature enabling it to account for 
the so-called heterozygotes of phage discovered by Hershey 
and Chase (’51). These structures, in genetic terms, appear 
to be diploid for small segments of a linkage group. The 
probability that a particle heterozygous for one locus will also 
be heterozygous for a second depends directly on the closeness 
of the linkage of the two. For any given marker, the prob- 
ability of finding it heterozygous in a progeny phage particle 
from the appropriate cross is about 2% in T2H, and this 
value is constant throughout the period when infectious phage 
may be found within the cell. Furthermore, when the hetero- 
zygote is permitted to infect a bacterial cell, the progeny 
formed in this bacterium show no unusually high proportion 
of heterozygotes, but again yield only 2%. 
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These results suggested to Levinthal (’54) that the structure 
of the heterozygote might be visualized in two ways: first, it 
might consist of a small piece of haploid genetic material 
attached to the side of the normal linkage structure ; or second, 
it might be two fractional linkage groups together making up 
the whole, but attached to each other by an overlapping region. 
Levinthal performed an ingenious experiment to distinguish 
the two possibilities. After making a cross involving three 
linked factors, he analyzed heterozygotes for the centrally 
located marker. Clearly, if a separate piece of genetic material 
were attached to the normal structure, the latter should, in 
the majority of cases, be parental with respect to the ter- 
minal markers. If two partial structures are connected by 
an overlap, the genotype should usually be recombinant with 
‘respect to the terminal markers. The experiments indicated 
unambiguously that the first model may be ruled out, but that 
the second is a satisfactory one to explain the structure of 
the phage heterozygote. 

From these results it also became clear that the hetero- 
zygous particle, when reproduced, yielded recombinants with 
respect to the three markers concerned. Levinthal now at- 
tacked the question whether the heterozygotes might be the 
source of all recombinants within linkage groups. The fol- 
lowing assumptions, based on the previously described infor- 
mation, were made: (1) that the Visconti-Delbriick theory is 
correct in principle; (2) that the production of heterozygotes 
involves a mating of two unlike phage particles, and that 
these produce a new structure containing a short overlap; 
(3) that heterozygotes do not reproduce themselves, but — 
yield nonheterozygous progeny at the same rate as normal 
vegetative particles; and (4) that the overlap is equally likely 
to occur at any point in the genetic structure. With these 
assumptions Levinthal was able to show that heterozygotes 
ean account for all recombinants involving linked markers. 

The principle modification which this brings about in the 
‘Visconti-Delbrtick theory is that, by the formation of the 
heterozygote, a new structure is interposed between the 
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parents and the recombinant. The new structure is thought of. 
as forming the recombinants. Thus the formation of the 
recombinant is thought to imply the cooperative formation of 
a new particle, rather than a simple exchange during a mating 
between genetically complete vegetative phages. 


NEW EXPERIMENTS WITH IRRADIATED PHAGE 


With the hope of adding detail to the picture of replication 
and recombination, some recent experiments with irradiated 
phage will be reported. Since, with phage, it is not possible 
to use many genetic markers simultaneously, owing to the 
scarcity of distinguishable phenotypes and to epistatic effects, 
it was hoped that at least some of the lethal radiation damages 
could be shown to be localized in the genetic structure of the 
phage particle. If so, they should constitute a powerful tool 
in studying phage genetics. 

Extensive experiments along this line have already been 
described. Luria (’47) and Luria and Dulbecco (’49) pro- 
posed genetic recombination as a mechanism by which non- 
homologous lethal damages from ultraviolet radiation are 
eliminated when two or more inactivated phages cooperatively 
form a progeny of active phage (multiplicity reactivation). 
On the basis of subsequent experiments by Dulbecco (’52), 
the hypothesis was abandoned (Luria, 752). Although the 
present experiments are not entirely new in principle, they 
incorporate certain technical differences which make ad- 
ditional conclusions possible. These suggest that the hypo- 
thesis of elimination of lethals by genetic recombination may 
have been abandoned prematurely. 

The following experiment may be used to test whether 
radiation damages are localized in the genetic structure. Hx- 
tracellular phage of the wild genotype is irradiated. The in- 
activated particles are adsorbed to bacteria under conditions 
in which 20% of the bacteria receive one phage. Simul- 
taneously, unirradiated particles carrying three mutant gen- 
etic markers are adsorbed to the same bacteria with a 
multiplicity of 2-3. The adsorption is carried on in the 
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presence of cyanide so that, on subsequent dilution into 
cyanide-free medium, all the phage particles resume their 
intracellular course at the same time. Single bacteria 
having only one irradiated particle and several ‘‘carrier”’ 
particles are isolated by dilution before burst so that their 
progenies may be analyzed separately. These may then be 
scored for the presence or absence of the genetically marked 
loci of the irradiated parent, and the frequencies of the indi- 
vidual markers in each burst may be noted. 

Two types of experiment have been done with this pro- 
cedure: (1) a more or less thorough series involving three 
unlinked genetic loci, with analysis of bursts following various 
doses of radiation; and (2) several preliminary tests with 
linked loci. In both cases wild-type phage was the irradiated 
parent. From these experiments, several facts emerge: (1) A 
given marker originally present in the irradiated parent 
may be absent from a burst even though the other markers 
may be present in appreciable frequency (table 1). The 
frequency of marker absences (which will be called ‘‘knock- 
outs’’) is related directly to the dose of ultraviolet radiation. 
(2) Simultaneous inactivation of two linked markers occurs 
more frequently than is accountable by chance. Such double 
inactivations bear a direct relation to the closeness of the 
linkage (table 2). (3) Unlinked markers, on the other hand, 
appear to be inactivated independently of one another. This 
will be taken up in more detail subsequently. (4) When one 
of a pair of linked markers is absent from a burst, the marker 
linked to it shows, on the average, a lower frequency in the 
burst than does an independent marker (table 3). 

The hypothesis which is proposed to account for the results 
described is that part, at least, of the ultraviolet damages 
are located in the genetic structure, and that genetic recom- 
bination may rescue a marker from the damaged unit. The 
last three experimental facts given in the preceding paragraph 
appear to justify tentative acceptance of the general hypo- 
thesis. Further analysis of the experiments involving the 
unlinked markers may add further details. The analysis will 
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proceed along two lines. First, the frequency of knockouts 
as a function of dose will be examined more closely. Second, 
the yield of surviving markers in the individual bursts will be 
studied. 
TABLE 1 
Yield of wild-type loci in single bursts following a 2-minute dose 
(4 hits) of ultraviolet radiation 


Wild-type phage was irradiated for 2 minutes and adsorbed to bacteria (multi- 
plicity ca. 0.3) simultaneously with carrier phage of the genotype mMmyTyttlyo- 
Single bursts were scored. Of 125 mixed bursts, 41 lacked a single wild-type 
marker and 9 lacked 2. Twenty representative bursts are given, 10 with single 
knockouts and 10 with no knockouts. 


FREQUENCY OF GENOTYPES 


iG. 4+ mr+ ++tu m++ +rtu m+tu +7+ Absent 
1-3 0 26 0 1 0 i 0 m* 
1-6 0 0 0 0 2 21 0 tut 
1-11 0 3 0 1 0 51 0 m* 
1-13 0 0 0 0 8 48 0 tut 
1-14 0 0 13 0 11 61 0 tut 
1-17 0 0 35 0 59 32 0 tut 
2-3 0 a 0 0 0 5 0 tus 
2-5 0 13 0 0 29 0 36 ie 
2-6 0 1 0 0 61 0 3 rt 
2-9 0 0 ff 0 6 6 0 tut 
1-1 0 21 0 1 11 0 4 
1-2 0 1 0 0 6 1 0 
1-5 i 27 0 0 0 0 0 
1-7 0 5 3 0 7 0 8 
1-9 0 6 3 1 14 14 0 
1-12 2 13 a 0 42 19 M 
1-15 0 0 27 0 25 49 1 
1-16 8 42 8 10 52 29 32 
1-18 0 13 0 2 13 3 4 
1-19 0 16 1 0 19 2 7 


Analysis of frequency of knockouts. In estimating the 
total frequency of knockouts, it is immediately obvious that 
a particle in which all three markers have been inactivated 
escapes recognition. If two assumptions are made at the out- 
set, the survival probability of a genetic locus can nevertheless 


62 DOERMANN, CHASE, AND STAHL 


be calculated. The assumptions are: (1) that the individual 
markers are inactivated independently of one another, and 
(2) that the three markers show equal sensitivity to inactiva- 
tion by ultraviolet radiation. The individual bursts may be 
separated into four classes, one in which all three loci survive, 


TABLE 2 


Inactivation of linked loci by a single low dose of ultraviolet radiation 


Wild-type phage was irradiated with ultraviolet light to a survival of 0.005 
(5.3 hits). It was adsorbed to bacteria at a low multiplicity. Simultaneously, 
phage carrying three linked markers myr,;tu,, was adsorbed. The loci are 
linked in the order m, r, tu, with about 12 recombination units between m and r 
and about 20 between r and tw (Doermann, 753). If the loci are inactivated inde- 
pendently of one another, and p is the probability of survival of any locus, then 
the bursts with no knockouts should be equal to p*, the bursts with m+, r+, or tut 
absent should equal to p? (1-p), and the bursts with any given pair of markers 
absent should be equal to p(1-p)*. The value of (1-p) is the sum of all the knock- 
outs divided by the total loci and is equal to 49/318, which equals 0.154. The 
triple knockout would be negligible on the hypothesis of independence. 


FREQUENCY OF BURSTS 


Locus absent Expected # Found # 
None 64 69 
m* 12 2 
r* 12 8 
tut 12 15 
m* and rt 2 9 
m* and tut 2 1 
r* and tut 2 2 
Total 106 106 


* When the x? test is used to compare the observed with the expected values, a 
deviation is found which is significant beyond the 1% level. The deviation arises 
primarily from the fact that the closely linked m+ and r+ loci are inactivated to- 
gether in excess of the expected value, and that the frequency with which they are 
separately inactivated is lower than expected. 


one in which any pair survives, one with a single surviving 
locus, and one in which all three loci have been inactivated. 
If p is the probability of survival of a given marker, then 
the expression 

p* ++ 3p? (1—p) =p ap (Pp)? = (1 ==) seat (1) 
includes all classes in the order given above, p? representing 
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the class with all three markers surviving, 3p?(1— p) the class 
with only two surviving, ete. The best estimate of p for 
each dose of radiation can be obtained by application of the 
maximum likelihood function to the first three classes. The 
various estimates of p may then be plotted, and the survival 
curve of a genetic locus, as a function of dose of ultraviolet 
radiation, may then be drawn (fig. 1). It is seen that the 
probability of survival decreases logarithmically with dose. 
A similar result was observed by Luria (’52). 


TABLE 3 


Influence of a knockout on the burst size of a linked surviving locus 


Wild-type phage was irradiated with low dose (6 hits) and adsorbed to bacteria 
at low multiplicity. Simultaneously, carrier phage marked with mg?s,tg» Was 
adsorbed. Two loci m, and r,, are linked to each other and are independent of 
tug» (Doermann, ’53). The bursts with either linked marker inactivated, but 
with the other two loci surviving, were selected for analysis. The total yield of the 
linked survivors was compared with the total yield of tu+ in the selected bursts. 
For a control, bursts with no knockouts were selected, and the total yields of m+ 
and r+ were averaged and compared to the total yields of tut. 


TOTAL YIELDS 


Experiment with Control without 
knockouts knockouts 
m+ or rt tut (m+ + r+) /2 tut 
Experiment 1 173 392 660 742 
Experiment 2 543 748 2148 1967 
Total 716 1140 2808 2709 
Ratio of linked to unlinked loci 0.63 1.04 


On the assumption that the three loci have equal sen- 
sitivity, the ten experiments may be examined individually to 
see whether they fit the classes predicted by the hypothesis 
of independent inactivation of unlinked markers. That is, 
they may be tested to see whether the classes with no knockout, 
with one knockout, and with two knockouts fit the predicted 
distribution given by (1). Although three of the experiments 
show considerable deviation, the other seven fit exceptionally 
well, and since no trend is apparent in the three discordant 
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experiments, the hypothesis of independence may be ten- 
tatively accepted until more extensive data prove otherwise. 

It should be pointed out that the assumption of equal 
sensitivity of the markers is only one of convenience and 
could be eliminated by calculating individual values of p for 
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Fig. 1 Survival of plaque formation, genetic locus, and bacteria-killing ability 
of phage as a function of dose of ultraviolet. 


Curve A gives the plaque-forming ability and presumably represents the total 
radiation damages. Curve B shows the survival of a genetic locus (see text). 
Curve C follows the loss of bacteria-killing ability. The dose is approximately 
two lethal hits per minute. 


the three loci. The data are not sufficiently large to justify 
such calculations. It is worthy of note that there is some 
indication in the data that, of the three markers used, tuys, is 
slightly less sensitive to ultraviolet radiation than either 
Tag, OF M42.. 
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The survival curve of the locus may be used to obtain a 
minimum estimate of the proportion of ultraviolet damage 
which is located in the genetic structure. Comparison of the 
slope of the survival curve for plaque-forming ability (which 
measures the total lethal damage) with the slope of the curve 
for marker survival (fig. 1) shows that 4% of the total ul- 
traviolet damages inactivate a given locus. Since three loci 
which sustain damages independently have been averaged 
to give this measurement, at least 12% of the total damages 
have been localized in the genetic structure. If the data from 
linked markers are examined (table 2), it is apparent that 
two markers separated by 12-20 recombination units are 
inactivated more or less independently of one another. When 
the total recombination map of T4 (Doermann, 753) is taken 
into account, at least six independently inactivated locations 
ean be assigned: one in linkage group I ms. is one of the 
loci used in the present experiments); two in linkage group 
II (386 recombination units mapped); and three in linkage 
group III (56 recombination units mapped). Each of the six 
locations should have a cross section of 4% of the total phage. 
Thus 24% of the total hits appears to be a safe minimum 
estimate of the proportion of ultraviolet damages which are 
absorbed by the genetic structure. The value will rise, of 
course, if more extensive mapping experiments add new 
areas to the currently known linkage groups. It may rise 
or fall with a more reliable estimate of the recombination 
distance required for linked markers to show independence 
with respect to ultraviolet inactivation. 

In considering the minimum estimate to be 24% of the total 
damage, the following point also should be brought to atten- 
tion: the estimate of genetic damage is not influenced by par- 
ticles which are for some other reason incapable of making 
a genetic contribution. For example, 2% of the total ultra- 
violet damages prevent the phage from killing bacteria (fig. 1) 
and presumably from contributing genetic material. The es- 
timate of 24% depends only on the proportion of particles 
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contributing one, two, or three genetic loci and thus would 
be independent of the nonkilling particles. 

Analysis of burst size of irradiated loci. To gain a general 
impression of the influence of ultraviolet radiation on burst 
size, the yield of a given marker per bacterium infected with 
an irradiated phage particle may be calculated (fig. 2, curve 
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Fig. 2 Burst size as a function of dose of ultraviolet radiation. The average 
yield of infectious particles showing a particular irradiated locus is shown in 
curve B. The number of bacteria lacking all 3 irradiated loci is caleulated from 
the survival curve of locus (see figure 1), assuming the loci are independently 
inactivated. Curve ¢ gives the average combined yield per bacterium of all 
types of phage: carrier, irradiated parent, and recombinants, 
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B). Although the total phage yield per bacterium is not re- 
duced (fig. 2, curve C), a marked depression in the average 
burst size of the irradiated loci is noted with increasing dose, 
much greater than is accounted for by the total knockouts. Fur- 
ther examination of the burst size distribution of irradiated 
loci reveals a second fact. To illustrate it, the accumulated dis- 
tribution may be plotted as was done by Luria (’51, fig. 1) in 
studying the burst size frequency distribution of spontaneous 
mutants. In the present data, the logarithm of the burst size of 
the genetic markers (2) is plotted against the logarithm of the 
number of bursts containing # or more individuals of a 
rescued locus (Y,). Figure 3 shows the accumulated dis- 
tribution curves for surviving loci in the experiments where 
the wild-type phage were exposed to ultraviolet for 20, 16, 12, 
and 0 minutes. Clearly, the distribution with high doses is 
strikingly similar to the distribution found by Luria for 
spontaneous mutants. 

Both of the results described are compatible with the hypo- 
thesis that ultraviolet damage is located in the genetic struc- 
ture and that genetic recombination rescues loci from these 
damages. The first observation, general depression with in- 
creasing dose, would result from the increasing number of hits 
which necessitate a more and more precisely located recom- 
bination for effecting rescue. Both late rescues and lower 
frequency of rescues per intrabacterial cycle would reduce 
the burst size of the rescue locus. 

The meaning of the second observation, that of the Luria 
distribution at high dose, is not clear at this time. The result 
indicates that there must be an increase in the probability of 
rescue with intracellular time, so that half of the rescues oc- 
cur in the terminal generation, half of the remainder in the 
next-to-last generation, ete. The requirement might be satisfied 
by exponential increase of the carrier population, thereby 
increasing the chance of a successful recombination. It might, 
on the other hand, be satisfied by exponential multiplication of 
the irradiated structure. At present, no clear-cut decision can 
be made between the two alternatives. 
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Two facts which bear on this question should, however, 
be mentioned. First, genetic evidence presented by Levinthal 
and Visconti (’53) is compatible with the notion that the 
vegetative pool remains at a more or less constant level of 
thirty particles during the majority of the period of replica- 
tion and recombination. The compatibility does not, however, 
constitute sufficiently decisive evidence to rule out the pos- 
sibility of an exponentially increasing carrier population. 
Second, chemical evidence (Hershey, Hudis, and Chase, ’53) 
indicates that the phage DNA of the vegetative pool remains 
more or less constant between 50 and 100 phage equivalents 
during the second half of the latent period. If DNA is the 
genetic material (or an essential part of it), and if the whole 
of the DNA of one phage particle consists of essential genetic 
structure, the alternative involving growth of the carrier 
population could be ruled out. Although neither the genetic 
nor the chemical evidence is compelling, the two together 
suggest investigating whether a consistent hypothesis could 
be developed on the assumption of exponential growth of the 
genome of the irradiated phage. 

Replication of radiation-inactivated material. It now seems 
clear that an appreciable fraction of the total ultraviolet 
hits is located in the linkage structure and that genetic recom- 
bination is responsible for rescuing the undamaged material. 
It follows from the high efficiency of multiplicity reactivation 
(MR) (Luria, ’47) that genetic material of the irradiated 
particle is replicated. The alternative that two multihit par- 
ticles can undergo all the necessary recombinations to make 
a complete reactivated particle seems less probable. 

Luria (’47) and Luria and Dulbecco (49) have pointed out 
that the high efficiency of MR suggests that lethals themselves 
are not incorporated into newly formed phage particles. To 
test whether a population of phage produced by MR contains 
particles carrying lethals, a sample of the wild-type phage 
irradiated for 24 minutes (fifty hits) was mixed with bacteria 
so that, on the average, several particles infected each bac- 
terium. The resultant stock was subjected to two tests. One 
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was to adsorb it to bacteria along with carrier phage and 
examine single bursts for knockouts. None were found. The 
other was to compare the plaque-forming titer and the bac- 
teria-killing titer. The two were found to be equal. Hence, the 
MR stock contained no infectious particles which were not 
genetically complete, indicating, in agreement with Luria (’47) 
and with Luria and Dulbecco (’49), that if the inactivated 
material is reproduced at all, it is perfectly excluded from the 
infectious progeny. 

Additional information which indicates that the damaged 
material is not replicated comes from examination of the 
average burst size. On the assumption that lethals are re- 
plicated and mixed into the vegetative population, it could be 
predicted that, in view of the high frequency of recombina- 
tion between the unlinked genetic loci, heavily irradiated 
phages would contribute lethals to nearly all vegetative par- 
ticles. The yield from such bacteria should be greatly re- 
duced. Curve C in figure 2 shows that the burst size was 
not reduced even when the irradiated parent had received 
fifty lethal hits (24 minutes of ultraviolet). In that experi- 
ment, the average multiplicity of the ultraviolet parent was 
three, one of which had retained its killing ability. Therefore, 
63% (1-e~') of the host cells received one or more phages 
which were capable of killing and which carried a minimum 
of 12.5 lethal hits in their genetic structure. If the lethals had 
been replicated, they should have reduced the burst size of 
63% of the cells to nearly zero. Since no evidence was found 
for reduced burst size, it is concluded that lethals are not 
replicated. 


THE PARTIAL-REPLICA HYPOTHESIS 


Analysis of the experiments involving unlinked loci has 
added certain tentative pieces of information to the hypo- 
thesis of rescue by recombination and its connection with the 
problem of replication. The discovery that, following high 
doses of radiation, rescued loci are distributed clonally, to- 
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gether with the highly efficient occurrence of MR, suggests 
that part of the irradiated particle multiplies. Three findings, 
however, indicate that the lethals themselves are not repli- 
cated: (1) high efficiency of MR, (2) failure to find lethals in 
the progeny from MR, and (3) failure to find the average 
burst size depressed by heavily irradiated infecting particles. 
The possibility which remains open is that the undamaged 
part of the irradiated phage multiplies but the damaged 
part does not. Partial replicas of the linkage groups would 
then be formed, enter the vegetative pool, and attach them- 
selves to complementary genetic structures before they could 
be encased in protein membranes and become incorporated 
into infectious phage. 

Supposedly, particles which have not been irradiated mul- 
tiply similarly. The apparent failure of ultraviolet lethals 
to be replicated suggests a difference in the replication pro- 
cesses of normal and irradiated phages. In the latter, dupli- 
cation seems never to extend across the damaged point, with 
the result that many short replicas are produced, particularly 
at high doses. Considerably longer replicas would be required 
in the normal process in order to account for the observed 
linkage relations. 

To say what the partial-replica hypothesis would predict 
concerning MR would be premature and must await additional 
experiments and development of a formal theory. It is pos- 
sible that, in. the experiments described, a considerable sector 
of the total ultraviolet damage is nongenetic and may be 
circumvented by the fully active carrier particles involved. 

In summary, only one point is worthy of mention. Visconti 
and Delbriick (’53) proposed that recombinants result from 
matings between genetically complete vegetative phages; the 
partial-replica hypothesis suggests, rather, that recombin- 
ants originate from the union of complementary fractions of 
the genome. An unambiguous experimental decision between 
the two alternatives would assist our understanding of repli- 
cation and recombination in phage more, perhaps, than any 
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other contribution. Certainly, such a decision is fundamental 
to the formulation of the ultimate model. 
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DISCUSSION 


Chairman Hersuey: I should like to express my apprecia- 
tion of Dr. Doermann’s fine paper by giving two reasons for 
it. Luria’s work in 1947 seemed to have shown at last that 
radiations really produce primary localized damages in gene- 
tic material. The same can be said now for Doermann’s. 
Secondly, if radiochemical damage can put genetic material 
out of commission bit by bit, one ought to be able to measure 
this damage in chemical as well as genetic terms. Mr. Stahl 
has one idea how to do this, and we can hope for others. 

Stant: Experiments similar in design to those just de- 
scribed by Dr. Doermann for ultraviolet-inactivated phage are 
being applied to phage inactivated as a result of the disinte- 
gration of incorporated P**. Stent (’53) has shown that the 
P*? inactivation of phage need not prevent the inactivated 
phage from contributing genetic markers to the progeny of 
a mixed infection. In an experiment in which two unlinked 
loci were followed, he showed that an inactivated phage may 
contribute both, only one, or neither of its markers, and that 
the losses of the markers are more or less independent events. 

We have been studying more extensively the effects of the 
disintegration of incorporated P*? on the structure of the 
phage as described genetically. The likelihood that a disinte- 
gration prevents both of two markers from appearing in the 
progeny formed in a single bacterium has been found to bear 
an inverse relation to linkage distance. It is hoped that these 
experiments will permit an estimate of genetic distances in 
molecular dimensions. 
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RECOMBINATION MECHANISMS IN BACTERIA 


JOSHUA LEDERBERG 


Department of Genetics, University of Wisconsin, Madison 


ONE FIGURE 


Several mechanisms of genetic recombination have been 
described or inferred in bacteria. Genetic recombination is 
taken to include any biological mechanism for the reassort- 
ment within one cell lineage of determinants from distinct 
sources. The present classification (table 1) is based on the 
scope of the unit of exchange. Most of its categories are 
exemplified among the bacteria. Cytoplasmic exchange, how- 
ever, is not yet documented but may be suspected as a corol- 
lary of possible ‘‘disinfections’’ (Van Lanen et al., ’52; Me- 
Ilroy et al., ’48; Bunting et al., ’51). 


GENERAL FEATURES OF RECOMBINATION MECHANISMS 
Heterokaryosis 


Heterokaryosis is best known among’ the filamentous fungi 
for it consists of the coexistence of genetically different nuclei 
within a single cell or cytoplasmic field (Pontecorvo, 46). 
The persistent integrity of the constituent nuclei distinguishes 
heterokaryosis from sex; indeed, genetic exchange (kary- 
ogamy) may sometimes intervene without the overt para- 
phernalia of the sexual stage (Pontecorvo, 753; Papazian, 
54). Heterokaryosis may be initiated by mutation within 
a coenocyte, by deferred nuclear separation after meiosis, or 
by anastomosis of cells, hyphae, or spores. The first two 

2 Paper No. 554 of the Department of Genetics. This work has been supported 
by research grants from the National Cancer Institute (C-2157) of the National 
Institutes of Health, U. S. Public Health Service and from the Research Com- 
mittee, Graduate School, University of Wisconsin with funds furnished by the 
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modes of heterokaryosis are only incidental to recombination, 
but cannot be ignored as transient phenomena in customarily 
multinucleate bacteria (Lederberg, ’49a; Witkin, ’51). Per- 
sistent heterokaryons could be expected only in filiform bac- 
teria such as the actinomycetes. 

Sex may be taken as equivalent to karyogamy, the formation 
of a hybrid zygote from the fusion of two intact ‘‘gamete’’ 
nuclei. Peripheral to this essential, sexual processes are 
subject to a variety of classifications based on discordant 
criteria, giving such distinctions as: isogamy versus heter- 
ogamy; monoecy versus dioecy; prezygotic versus postzy- 
gotic meiosis; syngamy via conjugation versus copulation 
versus persistent dikaryophase; germinal versus somatic re- 
duction; meiotic versus mitotic crossing over; autogamy ver- 
sus exogamy; and many others. The initial act of karyogamy 
(hybridity) must also be distinguished from chromosome 
segregation or elimination and from crossing over within 
chromosome pairs as aspects of sexual recombination cycles. 

Among bacteria, the genetic analysis of sex has been carried 
furthest with Escherichia coli, some 5% of the strains tested 
so far being fertile (Lederberg and Tatum, ’53). In addition, 
similar methods have been applied by various authors to 
support their tentative claims of sexual recombination in 
Achromobacter fischeri (McElroy and Friedman, 751), Ser- 
ratia marcescens (Belser and Bunting, ’54), and Bacillus 
megatherium (Delamater, 753), but not in Proteus L forms 
(Hutchinson and Medill, 54), Azotobacter agile (Ziebur and 
Hisenstark, 51), Pseudomonas fluorescens (Lederberg, unpub- 
lished), or Salmonella (Lederberg, ’47b; Zinder and Leder- 
berg, 52). Experiments with Streptomyces griseus have been 
indecisive owing to confusion from heterokaryotic interactions 
(Lederberg, unpublished), but a tentative suggestion from 
morphological studies (Klieneberger-Nobel, ’47) on the sex- 
ual origin of the entire aerial mycelium has no genetic support. * 
Other claims of bacterial sexuality based on suggestive photo- 
graphs deserve closer genetic attention than has so far been 
recorded. 
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Genetic transduction 


Although the preceding mechanisms are important in relat- 
ing the fundamental genetic structure of microbes to higher 
forms, their exposition does not give much leverage on the 
mechanism of crossing over, which is the fulerum of this 
symposium. However, recombination in a number of bacterial 
species has been found to occur by genetic transduction, a 
new mechanism which differs from sex by the fragmentary 
nature of the unit of exchange. That is, transduction is de- 
fined as the transmission of a (nuclear) genetic fragment 
from a donor cell (which in every case so far is destroyed 
in the process) to a recipient cell which remains intact. 

Like sex, transduction may be classified by several criteria. 
Rudimentary knowledge already distinguishes at least two 
categories, depending on the agency of transfer: deoxyribo- 
nucleic acid (DNA) (pneumococcus, Avery et al., 44; Hemo- 
philus influenzae, Alexander and Leidy, 751) or carriage by 
a virus particle (Salmonella, Zinder and Lederberg, 752; E. 
coli, Morse, ’54). Other categories might depend on the 
frequency of transmittal, the specific characters that may 
be or have been transmitted, the persistence of the intermedi- 
ate heterogenic state, the complexity of the fragments, or 
the bacterial species. There is little or no indication of trans- 
duction in higher forms, but too few experiments have been 
reported (see Marshak and Walker, 745; Mazia, ’49; Klein, 
02) to be conclusive in the face of the obvious technical 
obstacles. Possible further examples of transduction that 
have not been so fully analyzed are reviewed elsewhere 
(Lederberg, ’48, 49a; Austrian, ’52). 

Probably inadvertently, a previous discussion in this sym- 
posium may have intimated that transduction in the pneumo- 
coccus (type transformation) became relevant to recombina- 
tion only after two or more markers were explicitly followed, 
and their reassortment noted. But Griffith’s experiment (’28) 
already posed a serious genetic question: How does the unit 
recombine with the whole? During the following two decades, 
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the chemical analysis of pneumococcus transformation took 
precedence over genetic consideration. Some tentative sug- 
gestions were adopted that failed to encourage multiple- 
marker experiments (or were based on their absence) and 
were therefore barren — ‘‘directed mutation’? (Dobzhansky, 
’41) or infection by a presumably cytoplasmic ‘‘virus’’ (Leder- 
berg, 49a, among others). The concept of transduction to 
explain the pneumococcus transformation and succeeding 
examples was, however, well stated by Muller (’47): ‘‘still 
viable bacterial chromosomes, or parts of chromosomes .. . 
might . . . have penetrated the capsuleless bacteria and in 
part at least have taken root there, perhaps after having 
undergone a kind of crossing-over with the chromosomes of 
the host.’’ Most of the genetic analysis that succeeded this 
prescription has been based on this point of view, and its 
success has amply justified the concept. 

In the pneumococcus, transduction is mediated by raw 
DNA, extracted from bacteria that are fragmented with bile 
salts, and refined by the chemist (McCarty, ’46; Austrian, 
52). Much insight into the chemical constitution of the 
genetic reagent has been achieved, and a plausible case has 
been presented for the sufficiency of deoxyribonucleate alone 
(as it has for the genetic content of phage). For so crucial 
a question, however, the standards of proof should be more 
than ordinarily rigorous (Hershey, ’53), and some obstinate 
doubts on the possible accessory role of protein components 
will be dissolved only when the non-DNA residues of the 
preparations are shown to be stoichiometrically disqualified. 
This standard is admittedly as high as or higher than any in 
biochemistry but is commensurate with the stature of the 
conclusions. We have to keep in mind the difficulties in the 
physicochemical characterization of linear polyelectrolytes 
which vitiate such criteria as electrophoretic or sedimenta- 
tional homogeneity, as well as estimates of particle size. 

In Salmonella, on the other hand, the genetic fragment is 
embedded in a phage particle, from which it has not been 
extricated in active form, possibly only because we have not 
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learned to imitate the faculty of penetration by the virus 
into the new host cell. The fragment is, at any rate, inacces- 
sible to deoxyribonuclease or any other informative reagent, 
but it would be plausible to equate the genetically identified 
fragment in Salmonella phage with the DNA preparations 
from the pneumococcus. Although we are thus hindered in 
chemical studies of Salmonella transduction, we can console 
ourselves with the possibility of some understanding of virus 
biology, and with the merely technical advantages of Sal- 
monella for genetic research. 

Details of the relation of the genetic fragment with the 
maturing phage particle were discussed by Zinder earlier 
in this symposium. To review very briefly, transducing ac- 
tivity has been detected in lysates of Salmonella species 
roughly in proportion to the number of phage particles 
(Lederberg et al., 51; Zinder, ’53; Zinder and Lederberg, 
52). Some means of selective isolation is always needed to 
detect the altered cells, for any given trait is transduced by 
about one per million phage particles, and the number of 
phages that can be effectively adsorbed by a single bacterium 
is limited. The competence, i.e., the range of traits that can 
be transduced by the various particles in a given phage prepa- 
ration, is rigidly determined by the genotype of the host cells. 
Every character that has been tested is subject to trans- 
duction, with only second-order differences of efficiency as 
described by Zinder. These characters include nutrient re- 
quirements, sugar fermentations and inhibition, antibiotic 
resistance, motility, and flagellar antigens. The active ma- 
terial in the lysates is identified with phage (as carrier) not 
only by surface resemblances in numerical proportionality 
to plaque count, size (gradocol filtration; sedimentation), 
tolerance to heat and disinfectants, adsorption on various 
bacterial serotypes, and neutralization with antiphage serum, 
but also in the correlation of transduction with virus infec- 
tion and lysogeny at low ratios of phage: bacterium. This 
shows best that the same skins enclose phage and fragment. 
These may be differentiated, however, by the use of ultra- 
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violet light (the fragment showing a much smaller cross 
section than the infectivity) or by the use of bacterial hosts 
to which the phage is not adapted and in which it fails to 
proliferate. Finally, it should be noted that transduction is 
mediated in much the same fashion by ‘‘temperate’’ phage 
grown in the lytic cycle, ‘‘temperate’’? phage obtained by 
ultraviolet induction of lysogenic bacteria, and ‘‘lytic’’ phage 
mutants (necessarily grown in the lytic cycle and applied 
to lysogenic, immune recipients). 


Lysogenic conversion 


A lysogenic bacterium has been understood to be distinctive 
in its hereditary makeup since the early investigations of 
Burnet (’34) and others, but the preconception of most 
geneticists (including Lederberg, ’49a) doubtless favored a 
cytoplasmic localization of the latent, symbiotic virus. The 
sexual system of EF. coli K-12 permitted the first explicit in- 
vestigation of the genetics of lysogenicity (Lederberg, ’51; 
Lederberg and Lederberg, ’53; Appleyard, ’53; Wollman, 
53) which showed that this trait, far from depending on 
exceptional cytoplasmic factors, rested on the same basis as 
the other mutually linked genetic determinants of the bac- 
terium. The penetration of the ‘‘temperate’’ phage lambda 
into a sensitive host bacterium is thus followed either by 
bacteriolytic multiplication of the phage, or by the incorpo- 
ration of the genetic material of the phage into the bacterial 
chromosome at a specific locus, Lp, closely linked to Gal 
(galactose fermentation). This virogenetic locus is repro- 
duced pari passu with the remainder of the bacterial genotype. 
In some of the lysogenic descendants, it may again become 
autonomous, to reinitiate the bacteriolytic cycle and the re- 
lease of infective virus. It is not yet clear whether the viro- 
genetic segment simply adheres to the homologous locus or 
actively replaces it. Some analogies with transduction in- 
volving the same phage suggest that both occur in sequence, 
which may also explain Appleyard’s ‘‘double lysogenics”’ 


(’53). 
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In either event, should lysogeny be characterized as a 
species of genetic recombination? To traduce Hershey (753), 
the bacteriophage particle can be considered as a miniature, 
somewhat simplified bacterium with an outer membrane or 
skin and an internal nucleus (DNA or vegetative phage). 
When a host bacterium is attacked, the skin and tail of the 
phage are left behind and the nucleus penetrates (as in the 
fertilization of egg by sperm) to initiate the developmental 
cycle of infection or lysogeny which will ultimately result in 
the reappearance of infective (complete or mature) phage 
particles. Lysogeny consists of a strikingly intimate union 
of the phage nucleus with the bacterial genotype. We have 
the arbitrary choice of defining the lysogenic bacterium (in 
common with other symbiotic complexes; J. Lederberg, ’52) 
as the association of two organisms, or as a novel recombina- 
tion having a good deal in common with fertilization or trans- 
duction. The recombination frequently results in alterations 
of bacterial behavior having to do with host-virus interrela- 
tions (Luria, 753; Lwoff, 53; Boyd, 54). But it may also 
result in more insistent changes of bacterial qualities that 
would not at first sight have been related to a virus: toxin 
formation in the diphtheria bacillus (Groman, 755), colonial 
morphology in B. megatherium (den Dooren de Jong, 731; 
Tonesco, ’53), and somatic antigen in group E Salmonella 
(Iseki and Sakai, ’53; Uetake et al., ’55). In this respect, 
these lysogenic conversions resemble the transduction cited, 
but the alterations here are inseparable from lysogenicity, 
Le., the genetic quality is specifically associated with the phage 
nucleus, not a desultory companion. 

This concept of lysogenicity implies that the incorporated 
phage nucleus now functions as a segment of a bacterial 
chromosome (Liwoff, ’53). The conversions might even be 
represented as atavistic remnants of the bacterial functions 
of such segments before their differentiation.. Indeed, the 
phylogeny of any virus cannot be safely argued, since pri- 
mary vestige cannot be distinguished from secondary adap- 
tation of the parasite. It therefore cannot be said whether 
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the virus has evolved from the bacterial segment become 
suddenly autonomous, or whether the incorporation of the 
segment is the extreme of parasitic specialization. In fact, 
we should not be too complacent that the latent virus is al- 
ways embodied in the bacterial chromosome lest differences 
be overlooked in other systems that might lead to a broader 
perspective. 


TRANSDUCTION AND RECOMBINATION 


Genetic transduction may be divided into its initial and 
terminal phases, the fragmentation of the genetic material, 
the introduction of fragments into a new cell and their in- 
corporation in the genotype. As far as present information 
is concerned, the fragmentation is essentially random, al- 
though Zinder’s data show differences (possibly topographic) 
of timing in the assumption of different fragments into mature 
phage. Unfortunately, since nothing is known of the localiza- 
tion of latent virus in Salmonella, random assumption cannot 
be related to what might be an equally indeterminate intra- 
bacterial site of virus fixation or growth. Linked transduc- 
tions (Ephrussi-Taylor, 51; Hotchkiss and Marmur, ’54; 
Leidy et al., 53; Stocker et al., 53) show that the fragments 
are not ‘‘single genes,’’ but it cannot be said from these 
experiments whether ‘‘crossing over’’ of linked factors re- 
sults from initial fragmentation or a later differential im- 
plantation (or both). In the DNA-mediated transductions, 
we can ask whether more gentle preparative methods might 
preserve otherwise broken associations, but information on 
possible limitations on the size of effective particles is lack- 
ing. But at least in a qualitative way, we can readily visualize 
how chromosomes can be fragmented without destroying the 
vitality of the parts: this is a familiar intracellular experience 
in radiogenetic work. We can also speculate how (or accept 
the fact that) such fragments are introduced into a new 
bacterium. But how shall we understand incorporation? A 
view once stated (Lederberg, ’49a) that ‘‘from purely me- 
chanical considerations it would seem most likely that the 
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transforming agents are incorporated into a cytoplasmic 
system like that of kappa... a parallelism with induced 
lysogenicity’’? was based on the incorrect premise that ‘‘the 
more credible reports uniformly picture the acquisition of a 
genetic function’’ and the lack of data on factors other than 
the capsular polysaccharide. Of course transduction may 
involve any element of the entire genotype and entail the 
replacement of the homolog, not merely an addition of 
a genetic factor. This is especially well shown in the sub- 
stitutions of alternative (multiple) alleles for the flagellar 
antigens in Salmonella (Lederberg and Edwards, 53) which 
have been carried back and forth repeatedly. After trans- 
duction, the allele that had been replaced could not be detected 
by either phenotypic or genotypic (transductive) analysis. 
There is, therefore, a problem of integration, not just addition. 
It is difficult to see how a cytoplasmic system, that is, a geno- 
type as dis-integrated in the living cell as it is in a DNA 
preparation or a phage lysate, could meet the demands of 
genetic stability, and even more so to envisage mutual replace- 
ment on this scheme. 

Fortunately, a new transduction system involving EH. coli 
K-12 and lambda (Morse, ’54), furnishes some tangible facts 
to bolster these a priori doubts. This system differs from 
Salmonella insofar as the only genetic factors so far found 
to be capable of transduction are a cluster of closely linked 
loci (Gal,, Gal., etc.) concerned with galactose fermentation. 
This cluster is also linked with Lp, the locus of fixation of 
lambda in the lysogenic bacterium. The second important 
difference is the persistence of the heterogenic state; that is, 
the transductions lead to clones that are apparently ‘‘hetero- 
zygous’’ for the Gal factors involved. The heterogenic bac- 
teria later segregate to give either of the two parental forms 
(with respect to the Gal factors) or, more rarely, crossovers. 
In this species, therefore, introduction and incorporation are 
separated in time, and can be more readily analyzed. A given 
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heterogenic clone permits crossing over between the intro- 
duced fragment and the intact genome, with different results 
- In different cells. Sexual recombination analysis, especially 
the segregation behavior of diploid hybrids, assures that the 
Gal and Lp loci are normally integrated (Lederberg and 
Lederberg, 53) into the linkage system. This provides a 
partial answer to the previous question on the timing of 
crossing over in transduction of linked factors, but the in- 
corporation or crossing over of fragments that Muller had 
visualized (’47) must still be detailed. 

Here we face the dilemma of this symposium: Shall we 
adhere to a mechanical breakage picture, with its obvious 
difficulties in the postulation of precise double breaks, with 
the even greater improbability of double crossing over? Or 
shall we dispose of familiar difficulties by an appeal to the 
unknown, by postulates of the mechanism of genetic repli- 
cation? As long as facts and fancies are clearly separated, 
some speculations may be in order. 

Following Belling’s lead (’33), we may be strongly tempted 
by one or another copying-choice principle in connecting cross- 
ing over with chromosome reproduction rather than chromo- 
some breakage, as illustrated in figure 1, which begins with 
the fragment introduced into a new cell. We should not balk 
then at postulating its synapsis with the homologous element: 
it is inconceivable that replacement could occur without spe- 
cific pairing of some sort. The next steps are more obscure, 
but the end result is an effective double crossover between 
the fragment and the intact chromosome. Sequence A shows 
two pairs of breaks, on the mechanical theory. Sequence B 
shows Belling’s theory, with a choice of interconnections after 
reproduction of the elements; sequence C is very similar, 
with a choice in the models for reproduction of the new 
chromonema. 

The copying-choice models (B and C) may also be applica- 
ble to other enigmatic examples of frequent double exchange 
within limited regions, such as the fourth chromosome in 
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Drosophila (Sturtevant, ’51), pseudoalleles2 in Neurospora 
(Giles, 51), maize (Laughnan, ’52), and E. coli (E. Lederberg, 
02), and to the ‘‘conversions’’ in yeast heterozygotes (Linde- 
gren, 03). So far as I know, there are no experimental data 
on the possible incorporation of small acentric fragments 
artificially produced at the appropriate stage of meiosis 
in higher forms, and I would leave to Novitski and McClin- 
tock the problem of engineering and interpreting such an 
experiment. Nor, so far as I know, have intercellular trans- 
ductions been explicitly attempted with organisms that would 
be amenable to detailed cytogenetic analysis (some early trials 
with Neurospora auxotrophs were negative or confounded 
by spontaneous reversion, Ryan and Lederberg, 746). 

It is not immediately apparent how these hypotheses can 
be tested experimentally. Some information might be had 
from closer study of the immediate progeny of transformed 
cells, but there are many technical difficulties. To Hotchkiss’ 
account in this symposium one might add that his organism 
is a Diplococcus, and that the units of plating experiments 
are typically pairs of cells, at least. But this difficulty is not 
unusual, only more obvious in his organism. Most bacteria 
have several nuclei within each cell, with the same effect. 
For further cell lineage studies on genetic replication, muta- 
tion, and transduction, it would be indispensable to have a 


2 Alternatively, one can envisage Ds-like transpositions from one chromosome to 
the other along the lines of McClintock’s observations (’51). The bearing of Ds 
and other position effects on pseudoallelism (Laughnan, ’52) deserves reemphasis, 
especially where the cis and trans heterozygotes differ. In maize, the insertion of 
Ds simulates mutation at nearby loci; presumably such insertions need not be all 
precisely isolocal, so that either crossing over, or other means of loss of Ds might 
restore the normal condition in crosses of recurrent mutants. Since gene localization 
can be studied only with mutations, our concept of a locus as a site of primary 
genetic function cannot be independently validated, and it may be meaningless to 
distinguish between a gene and the loci of nearby modifiers. This picture offers no 
support for the insistence on the origin of pseudoalleles by duplication, or for 
the notion of structural complexity, separable by crossing over, within genes 
unless a locus is redefined as a region within which characteristic end effects are 
generated. Recent reports suggest, moreover, that we shall have to be reconciled 
to ‘‘pseudoalleles’? as a feature of any locus that is studied with sufficient 


diligence. 
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uninucleate organism whose cytogenetic status could be con- 
firmed by both cytological and genetic means. This would 
still leave the possibility of confusion from polyteny, a con- 
sideration that also arises from other sources described in 
a later section. 


SOME RECENT FINDINGS ON SEXUALITY IN £. COLI 

This subject was comprehensively reviewed three years ago 
(Lederberg et al., 51). At that time, ‘‘H. coli K-12 is recorded 
as a homothallic system, for no preferential compatibilities 
have been found in recombination experiments involving a 
wide range of mutants derived from K-12. In particular, no 
segregation of oppositional compatibility factors could be 
detected from persistent diploids, in contrast to the 
mating type mutations in Schizosaccharomyces pombe. Pref- 
erential compatibility would be very useful for further analy- 
sis, and is carefully looked for especially in crosses involving 
new strains.’’ 

Had we waited, it was to have been found among newly 
isolated fertile strains, but not long after this quotation was 
recorded, a compatibility system was discovered within the 
K-12 strain also (Lederberg e¢ al., 752; Cavalli et al., ’53). 
We learned that some sublines of K-12 were compatibility 
mutants, symbolized # —. Crosses of F — & F — are com- 
pletely sterile. / + (the wild-type state) x F + is fertile, 
and Ff + X F — even more so. Most of the crosses of pre- 
vious experiments were F + x F/'—: why was the compati- 
bility system not discovered earlier? It turned out that the 
progeny of these crosses did not segregate, but were uniformly 
F +, and that mere contact of F + with F — cells in mixed 
culture was sufficient to convert the latter to the genetically 
stable #' + state. Therefore not until two distant 7 — ‘‘mu- 
tant’’ clones had been tried against each other, or an F — 
subline tested for self-compatibility, could the system be 
detected. 

Meanwhile, Hayes (752) was studying the effect of strepto- 
mycin on fertility, and by good fortune, worked with a pair 
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of stocks that were identifiable as F + and F —. His discovery 
of a residual sexual fertility in one of these stocks (F +) 
after treatments that left a negligible number of viable 
(colony-forming) cells was therefore promptly related to the 
compatibility system, and has helped to illuminate it. But I 
am unable to coneur that this experiment speaks for the 
participation in the sexual process either of ‘‘genetic elements 
extruded by the viable cell which adhere to the cell wall’’ or 
of the virus (lambda) inherent in lysogenic strains of K-12. 
The latter had already been ruled out by the full fertility of 
nonlysogenic parents (Lederberg, ’51), and the former finds 
no support in the abject failure of the most assiduous efforts 
to separate subcellular agents that would function in ‘‘sexual’’ 
recombination (Lederberg, ’47a; Atchley, 51; Davis, ’50). 
The streptomycin effect does show at least a physiological 
distinction between the two parents, and would have an easy 
explanation if the zygote received most of its cytoplasm from 
the F — parent, and were fertilized without gross contamina- 
tion by the streptomycin-inhibited substance of the F + cell, 
that is, if mating involved conjugation rather than copulation. 

[Note added June 1954: Direct support for this picture 
has recently been obtained by microscopic experiments with 
very actively mating (Hfr and Ff —) cultures, in which one 
parent is from a motile strain, the other nonmotile. Within 
an hour of mixing, I find pairs consisting of one cell of each 
parental line. The pairs are joined laterally and are readily 
discerned owing to the disparity in motility. After another 
hour or so, they disjoin. With the micromanipulator, excon- 
jugants have been isolated and permitted to form clones. 
Usually, both remain viable, and recombinants are found 
with very high frequency among the progeny of the  — cell. 
It is therefore concluded that the conjugation permits the 
transfer of a gamete nucleus from the Hfr to the Ff — cell, 
followed by karyogamy and meiosis. | 

Perhaps the most obscure feature of the K-12 system has 
been the aberration from mendelian segregation of unselected 
markers. In the earliest experiments, this was partly ob- 


90 JOSHUA LEDERBERG 


scured by the necessity of selecting certain combinations of 
markers, usually auxotrophic, in order to detect rare recom- 
binants, but it is equally a feature of crosses where selection 
can be relaxed owing to the high frequency of recombination. 
The aberration consists of a relative bias in favor of markers 
from the F — parent. This has led Watson and Hayes (703) 
to suggest that the F + gamete, which is, according to their 
version, morphologically subcellular, is also defective with 
regard to one or more chromosomes. This hypothesis of 
gametic or prezygotic exclusion is not readily distinguished 
from the alternative, of postzygotic elimination, by considera- 
tion of the haploid recombinants only. The biases would 
clearly be similar whether the genetic contributions from the 
F + parent were lost before or after the zygote was initiated. 

The aberration is seen in the most clear-cut qualitative 
fashion, however, in the behavior of nondisjunctional diploids 
(Lederberg, ’49b) which occur with highest frequency among 
the progeny of so-called Het mutant stocks. These diploids 
also show strongly aberrant segregation ratios for markers 
which are heterozygous, so that this cannot be attributed to 
prezygotic exclusion. Moreover, they are regularly hemizy- 
gous for a pair of linked factors, Mal (maltose fermentation) 
and S (streptomycin resistance) though diploid for some fif- 
teen or twenty others. The deficiency for this segment would 
be sufficient to explain the aberrant segregation, since it should 
act as a haplolethal and prevent the recovery of any allele 
linked to it except as coupling is broken by crossing over 
(Lederberg, 49b; Lederberg et al., 51). Does the deficiency 
arise by a gametic or a postzygotic process? Closer considera- 
tion of the diploid types supports the latter. 

When the diploids were first isolated, the hemizygosity was 
quite perplexing but even more so was the bias with regard 
to its polarity. In any given cross, most of the diploids were 
hemizygous for the Mal or S marker(s) of one parent, but 
some carried the other. Among the diploids, such a bias could 
no longer be attributed to linkage to nutritional factors, and 
no other basic distinction between the parents had been recog- 
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nized that could account for nonrandom loss of the alternative 
segments. Nevertheless, since some diploids retained the 
full set of markers from one parent, and others from the 
other, the lack of any complete diploids (i.e., heterozygous 
for Mal, S) suggested that the elimination occurred regularly 
after the zygote had formed. Otherwise, one would expect 
the union of complete gametes to result occasionally in a 
complete diploid. A few examples of amphitypic diploids, 
carrying, e.g., the Mal allele from one parent, S from the other 
(Lederberg e¢ al., ’51, table 6) also suggested that crossing 
over preceded the elimination. 

A more thorough reinvestigation (Nelson and Lederberg, 
04) has confirmed this inference. Persistent diploids were 
isolated from F + x F' — crosses differing only in their F 
polarity, and tabulated in regard to Mal and S. Each of the 
635 diploids tested was hemizygous for Mal and S, but re- 
gardless of the parental polarity, about four-fifths carried 
the alleles from the F — parent, about 15% from the F + 
parent, and the remainder were amphitypic. Thus the elimi. 
nation must be postzygotic, but must preferentially in- 
volve the segment that had been introduced from the F + 
parent (in the light of later experiments, that is, the migra- 
tory nucleus). To account for the incomplete determination, 
it may be speculated that at meiosis a single locus always 
breaks on the # + chromosome, but that prior crossing over 
occasionally saves one of or both the F + markers with a cor- 
responding loss of their opposite numbers from the F' — 
parent. 

None of this sounds as if it could be fundamental to a 
sexual cycle, and if so it might be better to search for more 
straightforward patterns in other strains of HL. col. Some 
strains at least appear to function independently of the F + 
agent, though they can be ‘‘infected’’ with it. So far, with 
these strains, such ‘‘infection’’ can be detected only by carry- 
ing the agent back into a K-12 line tester stock. Without the 
good luck of diploid analysis, however, it requires the most 
tedious development of stocks and study of crosses to study 
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the basic segregation patterns of new strains, so this is neither 
the first nor the last time this hope will have been voiced. 
Almost no progress has been made on the nature or trans- 
mission of the F agent. The rapid contagion in mixtures of 
F + and F — cells has been mentioned, but this is not paral- 
leled by successful ‘‘infection’’ with cell-free preparations. 
For example (T. C. Nelson, unpublished), converting mixtures 
of F + and F — cells have been poured within a few seconds 
through membrane filters directly into susceptible F — cul- 
tures, without the least alteration of the latter. Perhaps, the 
transmission of the clonally stable F + state requires the 
direct superficial contact of two cells; at any rate, if there 
is a virological problem at all it may be analogous to the plant 
viruses which have so far defied artificial transmission. 


SINGLE CELL PEDIGREES AND TRANSDUCTION 
IN SALMONELLA 


For pedigree analysis it is especially rewarding to follow 
traits that can be determined in single cells. The morphologi- 
cal differentiation observable in living bacteria is so limited 
that the character of motility stands almost alone for this 
purpose, but has proved to be most useful. When a nonmotile 
mutant of Salmonella is exposed to appropriate phage lysates, 
1 to 10 per million cells can be provoked to give motile clones. 
Macroscopically, these are readily selected by platings on a 
soft gelatin-agar (Hiss, 1897; Colquhoun and Kirkpatrick, 
’32), on which the nonmotile culture is restricted to the site 
of inoculation, but through which motile bacteria readily swim 
as they proliferate, to form progressive cloudy swarms. In 
addition to the conspicuous swarms, however, Stocker e¢ al. 
(753) also described trails or chains of small colonies that 
might extend 10 to 20mm into the agar. We concluded that 
the trails represented an abortive transduction, whereby a 
genetic factor was transduced to a nonmotile cell in a form 
capable of restoring motility to the recipient, but incapable 
of reproducing with it. The transformed cell would therefore 
divide to give one motile and one nonmotile daughter. The 
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former would continue to move, the latter would (rather 
promptly) stop and, by forming a colony in situ betray the 
trail of the cell. Since the trails were definitely unbranched, 
at least in the terminal portions that could be carefully ex- 
amined, we concluded that the metapoietie particle did not 
reproduce at all during a hundred or more bacterial genera- 
tions. Sooner or later, the trails terminated, presumably 
from some accident; there was no indication of a swarm 
issuing from a trail. Subsequent micromanipulation experi- 
ments both here and in Stocker’s laboratory at London have 
provided a new approach to the problem. 

If mixtures of nonmotile bacteria and competent phage are 
planted in an oil chamber, and examined with the microscope, 
motile cells begin to appear after about 2 hours’ incubation. 
Unfortunately, as many as two or three divisions may take 
place during this interval, which truncates and complicates 
our genealogies. The motile bacteria can, however, be readily 
trapped when they are permitted to swim into adjoining 
empty droplets, and thus can be isolated one by one. In the 
system I have worked on (TM2— x SW-666), the incidence 
of motile bacteria is rather low, but their viability fairly good. 
About 10-20% of the isolated bacteria die before engendering 
sizeable clones. About 5-10% give rise to clones containing 
anywhere from 25 to 100% of motile cells. The fraction of 
segregating clones would presumably be higher were it not 
for the initial bacterial divisions. These motile cells are evi- 
dently stable transductions: they engender only motile pro- 
geny, and are thus equivalent to swarms. The nonmotile sibs 
have so far all been parental, none complementary crossovers 
(with regard to the antigenic factors linked to motility in this 
transduction), nor has more than one antigenic type been 
found in a given motile clone. 

The remainder of the motile cells are trail equivalents, 
that is, they give progeny whose motility follows the law of 
primogeniture, as had been hypothesized from the appearance 
of the trails in agar. To simplify the following discussion, 
let us call a cell (or cell lineage) a semiclone if it persistently 
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transmits motility to just one descendant through several 
fissions. 

The outstanding discrepancy between the microscopic results 
and inferences from the trails is that a single isolated motile 
cell may engender during the first five to ten fissions not just 
one, but up to about 100 semiclones. The discrepancy probably 
arises from delay in the penetration of motile bacteria into 
the agar, and their orientation away from the inoculum, until 
after these early divisions. But after this early interval of 
apparent ‘‘replication’’ of the motility factor, strict semiclonal 
behavior is followed until, for reasons unknown, motility is 
terminated. So far, semiclones have been followed up to 59 
fissions, but are usually seen to terminate earlier, often 
by 20 or 30. The length of time, and the number of progeny 
involved, have obviously made it impossible to follow any 
single clone in its entirety (2° bacteria would weigh 50 tons!) 
and this picture has been reconstructed from observations on 
many motile individuals repeatedly reisolated from different 
clones of different sizes and at various times. Separations of 
early fissions show, however, that a cell may divide to give 
one cell a swarm equivalent; its sib the parent of several 
semiclones. Also, in clones containing large numbers of semi- 
clones, the split during early divisions is grossly unequal: at 
the 4- or 8-cell stage, one may give 100 semiclones, another 
less than 10, another none (detected). This rules out any 
random partition of elements. 

How can all this be interpreted? Three hypotheses, which 
may each have numerous modifications, have been suggested: 

(1) The semiclones represent, as originally postulated, the 
transduction of aborted genes with a limited capacity for 
irregular replication. This not only fails to account for the 
sharp transition between the early and later behavior but the 
ad hoc resort to ‘‘irregular replication’’ discourages further 
study. 

(2) The semiclones represent ‘‘genes’’ that are now totally 
incapable of reproduction owing either to their position or 
prior accident but still capable of functioning. The multi- 
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plicity of semiclones represents a degree of polyteny in the 
bacterial chromosome, and the early divisions serve to dis- 
tribute the units to the progeny. A cell with but one unit is 
a semiclone. But what an extraordinary degree of polyteny! 
And one is surprised that the unit is never incorporated to 
re-form a motile clone. 

(3) The reproductive incompetence of the units is not 
accidental, but characterized them in the intact donor cell as 
well. That is, the units are not genes in fact, but the primary 
products of genes organized in complex bundles. The bundles 
would perhaps be closely associated with their genic source, 
but are separated in transduction. 

None of the indicated objections to any of these hypotheses 
is fatal, and we have no certain means of choosing which, if 
any, is correct. For example (as suggested by Sonneborn), 
a sterile genetic fragment might be transduced that was still 
capable of producing the primary products. These units 
would then initiate the semiclones. Still other hypotheses 
are imaginable. For the moment, number (3) seems the 
most fruitful in suggesting further experiments; for example, 
it attempts to correlate functional status of donor cells with 
yields of semiclones. 

These remarks are presented for two reasons —to elicit 
further constructive suggestions on interpretation, and to em- 
phasize the value of going back again now from the statistical, 
populational methodology in microbial genetics to a respect 
for the individual cell. 


DISCUSSION 


Chairman Hersury: I should like to bring up again the 
question that Dr. Lindegren raised this morning; namely, 
how do you distinguish between linked recombination and 
transduction in a cross using lysogenicity for one marker and 
a transducible character for the second? As I understand it, 
this confusion might appear in the historically important case 
of Gal, and the carrier state for lambda in K-12. I think it 
might be useful if Dr. Lederberg would clear this up. 
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Leperserc: To answer Dr. Lindegren’s question first, we 
would certainly have been confused if transduction had oc- 
curred together with sexual recombination. However, the 
transduction in K-12 involves only a single group of markers 
concerned with galactose fermentation, and could be neither 
discovered nor confusing until these were studied. Transduc- 
tion and sex can be isolated from each other by the proper 
choice of stocks and conditions. Transduction is mediated by 
a phage which is readily filterable; the filtrates contain nothing 
that will function in place of the intact cells in sexual recom- 
bination. Also, F — x F — crosses are sexually completely 
sterile; nevertheless, Mrs. Lederberg has shown that this 
incompatibility does not hinder transduction by phage, but 
again, this is limited to Gal factors. On the other hand, 
sexual interaction takes place unhindered though both parents 
may be nonlysogenie, or if both carry the Lp.” mutation that 
prevents the adsorption of lambda, although either condition 
naturally prevents transduction from being effected. 

I may add that we have not found deviations from quali- 
tative regularity in segregations from diploids (heterozygous 
for Lp*tGalt/Lp*Gal— as well as a host of other markers) 
that would be called conversion of one chromosome by another. 
But we lack Dr. Lindegren’s advantage of tetrad analysis. 
It is obvious that incorporation by copying choice could be 
modified to fit the conversions that he has described, and which 
deserve the most careful attention. 

Dr. Hershey asked about the bearing of transduction on 
the genetics of lysogenicity. Something was said about this 
in my talk, but we do not have all the answers yet. However, 
we still find the clear-cut linkage of Lp to Gal in crosses where 
transduction is ruled out as indicated before. In any event, 
transduction occurs with an efficiency of about one per million 
phages, which is incomparably lower than the segregation 
ratios of Lp and Gal, and would not account for the incidence 
of both parental couplings in crosses. Since there seems to 
have been some misconstruction in recent reviews, I want to 
emphasize that these are quite distinct, though closely linked, 
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loci and that, while the numerical segregation ratios are 
strongly biased in Afr X F— or F+ xX F— crosses, both 
parental and recombinant classes are found among the pro- 
geny. Another useful criterion is the initial heterogenie in- 
stability of the transductions; this has never been seen among 
recombinants. (We are now setting up crosses with the 
heterogenotes to look for some evidence on the association 
of the transduced fragment with the homologous segment of 
the intact genome.) 

For a time there was some question about the interpretation 
of the Lp-Gal linkage in the light of the segregational aber- 
rations of F + x F — crosses. I believe this doubt is no 
longer current; at any rate, there has been no suggestion as 
to why Lp should be ‘‘pseudolinked’’ to Gal any more than 
to any other marker, e.g., Wal. But one could even pass over 
questions on the details of zygote formation and examine 
diploids heterozygous for these and other markers. The con- 
eordant, linked segregation of Lp, Gal, and all other markers 
from these diploids is the most compelling evidence of the 
chromosomal basis of lysogenicity. 

Atwoop: If your semiclones are caused by a nonreplicat- 
ing product that would stick... ? 

LeperBerG: I do not know where they stick. All I know is 
that they are in the cell. There is no indication as to the 
localization of the particles that I am talking about here in 
the bacteria that have been transformed. 

Atwoop: In any case, if they are the result of a nonrepli- 
cating product that can function independently of the gene 
which produces it, then you ought to get semiclones not only 
following transduction, but also whenever there is a mutation 
to nonmotility. 

Leperserc: That is a point I should have made. One 
should look, in all experiments of this kind, not only for per- 
manent genetic alterations but also phenotypic modifications. 
That would apply particularly to the pneumococcal and other 
case provided you had markers where that sort of thing could 
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be detected. So far, motility is almost the only one that will 
work, where the phenotype of an individual cell can be diag- 
nosed; and when there is little enough secondary phenotypic 
delay, as appears to be the case here, not to obscure the results 
on that basis. 

As to whether one should always get this phenomenon, 
that depends on the hypothetical relation of the products to 
the gene. It is possible that they are regularly bound to the 
gene — at least the larger number of them. Then you would 
get semiclones only under circumstances which would disrupt 
that relation, namely, in transduction. 

However, one or two nonmotile stocks occasionally do give 
a trail as well as swarms by spontaneous reversion. 

But of course even the spontaneous trails could just as 
well be explained by the other two hypotheses since they 
could represent cases where the genetic material has been 
damaged to such an extent that it cannot reproduce. 

Stent: It seems to me that if you admit cytoplasmic fu- 
sion in the case of recombination, then the role of virus as 
the possible agent is not entirely excluded. 

Leperserc: I did not say it was. 

Stent: You seemed to think that the F agent could not 
be a virus. 

Leperserc: I think any group of medical bacteriologists 
would have slaughtered me if I had tried to give this kind 
of evidence for the existence of a virus. We should be as 
careful in defining a virus in this area as in others. We have 
a contagion phenomenon and would like to find a virus to 
explain it, since we have no other way to do it, but it has not 
been found. 

Stent: Are no lysogenic viruses known that could identify 
the virus as acting like the F agent? Since transduction is 
known to be a phenomenon that can occur with virus, then 
indeed under the concession that the F agent is a virus, an 


understanding of the phenomenon would be advanced. At 
least it would be unified. 
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LeperserG: Our understanding of the phenomenon will 
be most advanced when the F agent is isolated from the cells 
so that its genetic properties can be described. 

Stent: But it cannot be isolated because, if the F agent 
is defective prophage that never achieves maturity, i.e., exists 
only in the cells in the vegetative form, then any attempt 
to break up the cell would immediately destroy it. 

LepERBERG: It does get over from one cell to another. 

Stent: Yes, through cytoplasmic fusion. 

LeperserG: I think we are now talking about words. I 
would describe such an element as the gamete of the bacteria, 
and would then proceed to do experiments to determine the 
genetic content of that gamete; those that have been done 
indicate that the zygote that is formed is complete. If you 
want to attribute virus-like properties to these agents, too, 
then you must think of experiments to settle the problem. 
But I think that, until it is isolated, we had better be careful 
about assuming it is a virus, because the impetus for trying 
to isolate it might be lost. I consider that to be the most 
important question in that particular area. The results have 
been so uniformly negative that we might well be suspicious 
of that negativity and begin trying to think of things other 
than viruses to explain it. 

It is quite conceivable that in a situation where a virus-like 
agent — or call it an F + agent —is necessary for the effec- 
tive contact between, say an F' + and an F — cell, that agent 
may be what bores the hole in the #’ — cell. There are any 
number of possibilities. But in this part of the story where 
there are some facts, I preferred to stick to them. 

In spite of the temptation to speculate, the facts are that, 
in order to get a mating, one of the parents must be F' +, 
and presumably a surface property of the bacterium is al- 
tered. However, the F + agent, this thing that is capable of 
converting, is not by itself a sufficient condition for the F + 
property of compatibility. It is not even a necessary condition 
since there are compatible cultures (Hfr) that cannot convert. 
Aeration of an F + culture produces a population of cells, 
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every one of which has that agent, because they can give rise 
to clones which are capable of converting, but none of which 
have the property of genetic recombination. 

This is why I have not wanted to be too specific too soon 
about the possible effect of the # + agent, and prefer to say 
that it has an effect on the surface of the cell rather than to 
say that it itself is the character. We are really back to the 
old story of the relation of gene and character. Here is at 
least one criterion by which they can be separated; namely, 
this aeration where there is still the heredity of F +, but not 
its action, in those cells. 

Stent: I think the distinction perhaps is more than words 
because it would explain the streptomycin effect, which I 
understand is unexplained under your conception. 

Leperserc: You probably misunderstood my discussion 
on that point. The streptomycin effect, as we now under- 
stand it, does strongly suggest that the cytoplasm of the 
zygote does not receive a very large contribution from the 
cytoplasm of the cell that has been steeped in streptomycin, 
but that is all that one needs to postulate. 

On the notion of a conjugational type of exchange of nuclei 
and a limited amount of cytoplasm, too, if you like — we have 
no criterion for it—that problem is completely solved. 

Stent: Why does treatment of the # — cell with strepto- 
mycin cause infertility? 

Leperserc: For the reason that I have just indicated, 
that on this notion the larger part of the cytoplasm of the 
zygote is derived from the cytoplasm of the F — cell. If that 
cytoplasm is loaded with streptomycin, that cell is incapable 
of further development. If there are ways of removing the 
streptomycin or of inactivating it, there might be further 
development. 

It should be pointed out that the viable counts that are 
gotten on cultures so-called killed with streptomycin are ex- 
tremely variable, depending on the details of the conditions 
of plating, which shows in a way that one has to be very care- 
ful in speaking of cells that are ‘‘killed”’ in this particular 


RECOMBINATION MECHANISMS IN BACTERIA 101 


province. One should speak quite specifically of which fune- 
tions are reversibly, and which are irreversibly, inhibited at 
that time. | 

I am trying to narrow down what the experiment shows. 
You can offer one specific hypothesis to explain it; I ean 
offer some more. But in order not to enumerate hypotheses 
at great length, one can make the generalization that the ex- 
periment does indicate that the larger part of the cell sub- 
stance of the zygote does come from the F — cell. But that 
is equally compatible with quite a range of hypotheses about 
what it is that the F + cell contributes, so long as that does 
not include a lot of cytoplasm containing streptomycin. 

PioucH: I have a question on a point which both you and 
Dr. Zinder mentioned. In your recently published studies 
with Stocker and Zinder on transduction of Salmonella anti- 
gens, you found that, ordinarily, it was not the specific flagel- 
lar antigen of the donor strain which was transduced, but 
rather the filterable agent (I-A) induced the reappearance of 
the flagellar antigen which the recipient strain presumably 
had originally. This appears to me to be more easily ex- 
planable as a reversion caused by a general mutagenic action 
of FA. 

LepEerBERG: This was ruled out by comparing the effective- 
ness of phage that had been grown on the nonmotile recipient 
with phage grown on other motile or nonmotile strains, or 
to be sure that strain homology was not involved, on rare 
spontaneous motile reversions when these could be obtained. 
In no ease did the phage grown on a given nonmotile indicator 
confer motility upon it, whereas the other phage preparations 
were almost always effective. By testing different nonmotile 
strains against one another, seven distinct groups, presum- 
ably different mutant loci, were identified that involve flagellar 
formation; two which affect their ability to function if formed, 
and two concerned with their antigenic content. The fact that 
motile transductions usually gave bacteria that had restored 
their innate antigenic potentiality simply means that different 
genetic factors determine whether flagella should be formed 
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at all, and what their antigenic potentialities would be. This 
would be, by the way, an almost trivial instance of multigenic 
control of an antigen, except that we can identify the organelle 
that underlies the antigen. I did not have the time to go into 
the dynamics of phase variation; it fits in very nicely with 
the product story. 

Hotcuxiss: I agree with Dr. Lederberg that it is going 
to be very important to study individual pedigrees in trans- 
formed populations. My remarks in this symposium show that 
we have already started along that line. We have also been 
using streptomycin resistance to select, immediately within 
the same hour that DNA was added, cells which have been 
destined to be changed by the DNA. These were spread on 
agar and at various times the segregation of the streptomycin 
resistance and factors linked to it were studied. 

As to nomenclature, I think it would be well if we pointed 
out explicitly that the word ‘‘transformation’’ has disad- 
vantages since it comes from general usage and is adapted 
for a rather specific sense. But it does have historical value. 
Many people know what bacterial transformation means. 
Therefore, I should like to recommend that we retain ‘‘trans- 
formation’’ as the generic term, and save ‘‘transduction’’ 
for the phage-mediated transformations. It seems inadvisable 
to use the term ‘‘transforming principle’’ except when talking 
about an abstract principle, rather than an actual material. 
The term ‘‘transforming agent’’ can be used in reference to 
a material entity; if it is a phage, it becomes a transducing 
agent. 

LeprrserG: No one can deny that in all these experiments 
cells are being transformed, or rather their properties are 
being altered. In that context, there is no objection at all. 

Horcuxiss: Also, one may have a transformed cell, or 
‘‘transformant,’’ while you have defined transduction so that 
it is only the character which is transduced. 

Leperserc: Precisely. I hope I kept that straight: the 
transduction of a character from cell A to cell B which results 
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in the transformation of cell A to type A. I see no reason 
at all for not using both terms for what they do mean, as the 
occasion demands. For the same reasons you have indicated, 
that ‘‘transformation’’ was so vague (meaning, essentially, 
change) it has been applied to several phenomena with no 
implication of genetic transfer, even by Griffith himself, in the 
change from smooth to rough. There is also the transforma- 
tion of vegetative phage into mature phage, and so on. Per- 
haps another term is needed to distinguish phage-mediated 
transductions (or transformations), though perhaps we ought 
to learn a little more about them first. But ‘‘a man coins not 
a new word without some peril and less fruit; for if it happen 
to be received, the praise is but moderate; if refused, the 
scorn is assured’’ (Ben Jonson). 

Bertani: There seems to be complete similarity of be- 
havior between the transforming agent in your ‘‘semiclones’’ 
and the phage superinfecting lysogenic cells. Such phage 
enters the cells (which are carrying a genetically related 
prophage), but does not affect their ability to grow. As the 
cells divide, the superinfecting phage does not multiply or 
multiplies very little, and it is thus diluted out among the 
growing cells. This state of the superinfecting phage has 
been called ‘‘preprophage.’’ The preprophage, like the trans- 
forming agent in the ‘‘semiclones,’’ can be considered physio- 
logically active, because, if the cell that carries it lyses, phages 
of both the prophage and the preprophage types are liber- 
ated. The preprophage, also like the transforming agent, 
has a small chance of ‘‘transforming’’ the cell that carries 
it, by substituting its own type for the prophage type (‘‘pro- 
phage substitution’’). When several phage markers are 
present, this process can be shown to be a true genetic recom- 
bination between the prophage and the preprophage. 

Leperserc: Then the similarity is not complete. Stable 
transformations are not found out of semiclones. The semi- 
clones occur in clusters from a single parent bacterium. 
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BIOLOGICAL CONSEQUENCES OF THE 
COMPLEMENTARY STRUCTURE 
OF DNA 


(ABSTRACT ) 


J. D. WATSON 
California Institute of Technology, Pasadena 


Although the chemical formula of DNA has suggested that 
the basic structure is that of a very long, unbranched poly- 
nucleotide chain, recent X-ray diffraction evidence (Wilkins 
et al., 03; Franklin and Gosling, ’53; Watson and Crick, ’53a) 
reveals that the fundamental stereochemical unit contains two 
helically intertwined chains. The chains are joined together’ 
by hydrogen bonds between pairs of bases, a single base in 
one chain being hydrogen bonded to a single base from the 
other. The bonding scheme is highly specific; not only must 
one member be a purine and the other a pyrimidine, but 
adenine must pair with thymine and guanine with cytosine. 
A given nucleotide can occur on either chain, but when it 
does, its partner on the other chain is specifically determined. 
This results in a complementary relation between the sequence 
of bases on the two chains. The sequence of bases on one 
chain is believed to be irregular. 

The presence of complementary strands suggests a self- 
replicating mechanism since if the two chains can unwind 
and separate, then each can serve as a template for the for- 
mation of its complement (Watson and Crick, ’53b). If this 
is true, we might expect DNA to be metabolically a very stable 
substance and to show very little turnover as measured by 
isotopic techniques. In other words, we should expect the 
DNA molecules to be specifically conserved during replication. 
Unfortunately, the present experiments do not yield a simple 
answer. While most investigators have suggested a very slow 
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DNA turnover, Daoust and his collaborators (’54) using mam- 
malian tissue have interpreted their recent results as indicat- 
ing a complete replacement of the parental DNA P*? atoms 
during replication. It appears possible, however, to provide 
alternative interpretations of their data in which the parental, 
DNA does not turn over. Likewise, the isotopic experiments 
involving bacterial viruses do not provide a result capable 
of an unambiguous interpretation. Whereas it is generally 
concluded that approximately 50% of the parental DNA is 
transferred to progeny particles (Kosloff, 53), no convincing 
evidence has been obtained as to the nature of the transfer. 
The important point as to whether the transfer is in the form 
of genetically specific DNA molecules or at the level of non- 
specific nucleotides has not yet been resolved. 

The DNA replicating scheme does not provide a mechanism 
for separating the two intertwined chains. Although we have 
suggested (Watson and Crick, ’53b) that this may be ac- 
complished by untwisting, the very large number of turns 
necessary to achieve complete separation suggests that al- 
ternative explorations should be considered. In a recent 
proposal by Delbriick (54), untwisting is cireumvented by 
the production of systematic breaks along the parental chains, 
followed by reunion of parental strands with the growing 
ends of the newly formed strands. Although at present the 
scheme must be regarded as purely theoretical, it has the 
advantage of providing the eventually testable prediction, 
that following replication, the parental atoms will become 
equally distributed between parental and progeny strands. 


DISCUSSION 


Stent: I should like to report briefly an experiment rele- 
vant to the DNA duplication scheme proposed by Dr. Watson, 
carried out by Dr. Itaru Watanabe in our laboratory, in col- 
laboration with Dr. H. K. Schachman. For this experiment, 
bacterial cells were infected with T2 phages whose DNA had 
been labeled with P**. At various stages after infection, the 
infected bacteria were exploded by decompression and the 
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Sedimentation characteristics of the radiophosphorus of the 
resulting lysate examined in an ultracentrifuge separation 
cell. We focused our attention on five arbitrary fractions, 
represented by the following sedimentation constants in Sved- 
berg units, S: Fraction I—0.5S, fraction IT = 108, fraction 
III = 1008, fraction IV = 8008S, fraction V— 30009. Frac- 
tion I corresponds to P** contained in low-molecular-weight 
material, fraction II to that forming part of DNA fibers. 
Fraction IV represents P** in intact phage particles, while 
fraction IIT would contain any P*? introduced by the parental 
phage which now forms part of structures with sedimentation 
velocities intermediate to those of fibrous DNA and mature 
bacteriophages. Fraction V, finally, would represent parental 
P*? attached to bacterial constituents larger than intact phage 
particles. At the same time, the amounts of P*? of the lysate 
soluble in TCA (fraction A), soluble in TCA only after 
treatment with DNAse (fraction B), and insoluble in TCA 
even after DNAse treatment (fraction C) were determined. 
The results of this experiment are shown in form of a bar 
graph (fig. 1), in which ¢ indicates the number of minutes 
elapsed between infection and disruption of the bacterial 
cells, and in which the percentage values of the ordinate _in- 
dicate the amount of P** in each of the arbitrary fractions 
I, I, III, IV, V or A, B, C at different stages of the infection. 
When the cells are broken open immediately after infection 
— when the DNA of the infecting phage has just penetrated 
into the cell — about 60% of the parental phosphorus appears 
as fraction II, the fraction sedimenting just like DNA fibers. 
A similar percentage is found as fraction B, i.e., is DNAse 
sensitive. Hence one may feel confident that fraction II rep- 
resents DNA. The rest of the P*? is distributed about evenly 
among the other fractions. At later times, we find that frac- 
tions I and A increase, although fractions II and B retain 
at least half of all the parental P*? until the fifteenth minute. 
At that moment, mature progeny phages begin to make their 
intracellular appearance, containing the transferred parental 
P*2 now appearing as fractions ITV and C. Fraction ITI at 
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no time contains any appreciable amount of the P%?, indicat- 
ing that the parental DNA has not formed any stable union 
with any cellular constituent with sedimentation properties in 
this range. Nor do there appear to exist phage ‘‘precursors”’ 
intermediate in size to molecular DNA and mature phages 
which contain any DNA and are stable to the method of cellu- 
lar disruption employed. 

It is thus seen that on one hand an appreciable fraction 
of the parental. DNA appears to be broken down to small- 
molecular-weight substances in the course of its duplication. 
On the other hand, an even larger fraction does remain in 
the form of high-molecular-weight DNA. The mechanism of 
DNA replication proposed by Dr. Watson would appear to 
demand the conservation of the macromolecular nature of 
the parental DNA molecules and is therefore not incompatible 
with these findings. 

HersHey: Dr. Watson has mentioned the important ques- 
tion of whether atoms of the parental viral DNA are con- 
served in functionally intact structures during multiplication. 
This question is related to the more general one concerning 
turnover of DNA that has already been discussed rather 
extensively in this meeting. I want to add three bits of in- 
formation — briefly, because we are not going to decide these 
questions today. 

First, replacement of atoms in bacterial DNA cannot be de- 
tected during multiplication of cells. If we start with C1*- 
labeled cells, then let them multiply for six generations in 
a medium containing specific nonradioactive precursors of 
DNA, we find that the C™ in each of the individual DNA 
purines and pyrimidines has been perfectly conserved. 

Second, the identical experiment can be performed by ob- 
serving the multiplication of C1*-labeled bacteriophage. Here, 
too, we find that the progeny bases are labeled in the same 
ratio one to another as they were in the parental DNA, 
though the conservation in this instance is only about 507%. 
This retention likewise is not influenced by competitors. 
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Third, if you look for a correlation between the transfer 
of genes and the transfer of atoms from phage particle to 
phage particle, the situation is by no means as discouraging 
as it used to be. The early experiments had seemed to show 
that irradiated virus could contribute atoms but not genes 
to the progeny of unirradiated virus when the two were pres- 
ent together in the same cell. I am not prepared to deny 
this possibility, but I can say that it has not been proved. 
Garen and I have been reinvestigating this question very 
assiduously and all we have learned is that the technical prob- 
lems are difficult but not insurmountable. 

Conn: I have not read the Leblond paper and so am ina 
poor position to comment on it. I did hear some discussion 
of it at the Federation in Atlantic City, and in particular I 
did hear at least one paper describing a similar type of ex- 
periment in which the conclusions run directly contrary. I 
believe there are others in the literature, too. But the one 
which I heard, by A. D. Barton of the McArdle Laboratory, 
seems to be what you are looking for. 

The experiment involved partial hepatectomy —we are 
talking about mammalian tissue, which seems to be the stum- 
bling block at the moment — following which two kinds 
of labels were administered — glycine-2-01 and radiophos- 
phorus; the animals were kept for periods up to 75 days after 
this partial hepatectomy and then partially hepatectomized 
again, removing the other lobes, and then allowed to regen- 
erate for 4 days. 

Examination of the regenerated lobes after the second 
operation indicated that both labels in DNA were retained 
throughout the 75 days after the first operation (ten times 
the specific activity of the RNA or acid-soluble fraction) and 
throughout 2-4 days of the second regeneration decreased 
only slightly, in spite of the synthesis of poorly labeled DN A, 
which would seem to indicate that the levels were retained. 

Horcuxiss: JI think I should like to return to the question 
of the Stevens and Leblond experiments, because there is al. 
most no audience in the world for which there is a more in- 
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teresting question. They made assays of various tissues, 
counting the number of cells that were in a mitotic stage. I 
believe this was done as well as it could be done. They then 
measured incorporation of new P*2 into these tissues with 
these known mitotic rates and calculated, from cold tissue 
picking up hot atoms coming from a certain background or 
pool of phosphorus, the amount of DNA made in proportion 
to the number of mitoses. The calculations seemed to indicate 
that twice as much DNA was synthesized as was needed; 
that is, enough for two new cells for each mitotic division. 
This involved the assumption that the amount of incorpora- 
tion was referable to only those cells which were found in 
mitotic state. If you think a moment, you will realize that 
the assumption that you can refer this incorporation to those 
cells only is based on the essentially qualitative observation 
that incorporation is occurring mainly in cells undergoing 
mitosis. But it had never been shown that there was no 
incorporation at all in places where there was no mitosis. 
Therefore it is hazardous to relate incorporation only to 
dividing cells. The direction in which these investigators 
worked, going from unlabeled to labeled tissue, was the one 
which makes experimental assay very difficult. 

Secondly, of course, they were working with a difficult kind 
of tissue; but we all want to know about this, so we will 
excuse them for working with animal tissue. 

The other kind of difficulty the authors had was in knowing 
what the isotope pool was from which to estimate the actual 
amount of incorporation; there was only a single administra- 
tion of isotope, and a changing pool, starting high and _be- 
coming low. They had to make an assumption about the 
average state of that pool, and did so in an unsatisfactory 
way. 

Finally, they had to estimate the amount of DNA in the 
tissue. This they did by a common method which was in very 
frequent use up to about 2 years ago, but has been shown by 
Davidson and Smellie to give impure products. This is par- 
ticularly critical for this kind of investigation, since the DNA 
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is the slowest component of the tissue to accept isotope, and 
is the most likely to be grossly contaminated by other P#?- 
containing substances. 

So I feel that, although these workers have presented an 
exciting claim, we should be very skeptical of it because of 
the great difficulties in operating in the particular way they 
did; and at the moment we should give all our credence to 
such experiments as have just been described by Dr. Hershey, 
operated in the other way where one measures actually the 
disappearance of the isotope. 

Stevens and Leblond therefore did not actually show de- 
struction of the preexisting DNA, they merely estimated that 
incorporation so measured with all these difficulties was more 
than expected. 

Gatt: Iwas wondering if there was any reason to suppose 
that a similar model could or could not apply to the RNA 
molecules. I have in mind particularly some of the viruses 
containing RNA. 

Watson: Since last fall, I have been working at Cal Tech 
with Alex Rich on RNA structure. We have found that ori- 
ented fibers can be drawn from highly polymerized RNA 
preparations and that these fibers yield X-ray fiber diagrams. 
Although these diagrams are not nearly so good as the cor- 
responding DNA photographs, they do establish that all 
RNA’s, no matter the source, give the same X-ray pattern. 
A common RNA structure thus exists. However, up till now, 
we have been unable to interpret the RNA diagram and we 
can only state that a similarity (perhaps superficial) exists 
between the RNA and DNA diagrams. 

The base ratios in RNA offer a perplexing picture. In 
RNA/’s from a large number of diverse sources, an equivalence 
of adenine with uracil (thymine minus a methyl group) and 
guanine with cytosine is observed. This happens often enough 
to make us believe that it has a fundamental basis. In the 
plant viruses, however, you.definitely do not find the base 
pairs; and it is in the plant*viruses that one might expect 
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to get the best RNA. So if the structure is like DN A, we have 
to devise a mechanism so we can get away from base pairing. 
That we have not done. 

Coun: I want to extend the remarks I made a moment 
ago and corroborate what Dr. Hotchkiss has said. The ques- 
tion of what molecules are actually used to make DNA (or 
RNA, for that matter) is still unanswered. The experiments 
that have been reported, e.g., the Leblond type of experiment, 
involve assumptions as to what are precursors. There are 
actually two assumptions to make. The first is the time course 
of a particular pool, and the second is that you know what 
the proper pool is. 

The first of these cannot easily be assayed quantitatively, 
and the second is very difficult to assay even qualitatively. 
I think under the present circumstances, with our lack of 
knowledge of immediate precursors, we had best put our 
faith in the retention type of experiment which I mentioned 
and which Dr. Hershey spoke of also, rather than the in- 
corporation type, because the incorporation type rests on 
calculations based on two very shaky premises. 

I think that for corroboration of this, one has only to talk 
to the people who are trying to find out what the precursors 
are. For example, from Brown’s laboratory at the Sloane- 
Kettering Institute and in Potter’s at Wisconsin we are find- 
ing out what a sorry state that phase of the problem is in; 
and without a knowledge of what the precursors are, the cor- 
rect specific activity calculations cannot be applied. 
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TETRADS AND CROSSING OVER 


DAVID D. PERKINS 
Department of Biological Sciences, Stanford University, Stanford, California 


SEVEN FIGURES 


Genetic recombination is now being investigated in forms 
ranging from viruses and bacteria to Drosophila and maize. 
Between these extremes there are organisms almost uniquely 
suited for studying the details of meiotic crossing over — 
those lower plants in which tetrad analysis is feasible. In the 
most promising of these organisms, mapping is rapidly reach- 
ing the point where they can make important contributions. 
This may therefore be an appropriate time to appraise what 
information tetrads have contributed so far regarding the 
mechanism of crossing over, to evaluate what they are poten- 
tially capable of revealing, and to examine the status of some 
specific organisms that are especially well suited to provide 
tetrad data in the future. 


INFORMATION FROM TETRADS 


The most important advantage of tetrads over single 
strands is that the positions and types of all exchanges can be 
determined precisely. This is essential if the effects of chiasma 
interference and of chromatid interference are to be distin- 
guished from one another. [In this respect, tetrads also 
possess a distinct advantage over half-tetrads, such as at- 
tached-X chromosomes, where information is,incomplete even 
for those exchanges that can be detected. Other advantages of 
tetrads have been enumerated by Papazian (752), Perkins 
(753), and Barratt et al. (’54).] 

The ability to detect all exchanges gives tetrads a unique 
advantage for experiments designed to describe crossing over 
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and interference in many chromosome regions simultaneously. 
So far they have not been used to any extent for these pur- 
poses. However, considerable tetrad data have been obtained 
on exchange types and frequencies in a few regions at a time. 
These are chiefly of interest for the information they provide 
on chromatid interference. 

Chromatid interference. Since information on chromatid 
interference is essential for an understanding of crossing 
over, the main experimental results will be briefly examined. 

Table 1 shows Lindegren and Lindegren’s 1942 data for ad- 
jacent pairs of exchanges in NV eurospora. Chromatid interfer- 
ence is indicated by striking departures from a ratio of 1:2:1 
for 2-, 3-, and 4-strand double-exchange types. However, an 
alternative explanation exists. The Lindegrens pointed out 
that the excess 2-strand double exchanges in regions II and 
IIT, across the centromere, could have originated by abnormal 
centromere assortment rather than by crossing over. If the 
data are retabulated on the assumption that all the twenty 
apparent 2-strand pairs of exchanges in regions II and III 
resulted from misassortment of centromeres, the evidence for 
chromatid interference is greatly reduced, as shown in the 
lower half of table 1. The Lindegrens considered this second 
hypothesis and rejected it, but for a reason which I consider 
not to be adequate. 


According to the second hypothesis, centromeres were misassorted 
in about 1% of asci. (This could oceur from equational separation at 
anaphase I, from spindle overlap, or from ascospore rearrangement. ) 
All the segregation types predicted on this basis are found in the total 
data, and their numbers agree with expectation, except that misassort- 
ment must be assumed to occur more frequently in double-exchange 
bivalents than in others in order to account for observed frequencies 
of apparent quadruples. Lindegren and Lindegren (’42) rejected the 
centromere explanation because they could see no a priori reason why 
abnormal centromere behavior should occur coincidentally with cross- 
ing over. The interference hypothesis is subject to exactly the same 
objection : no a priori reason is evident why 2-strand double exchanges 
across the centromere should occur coincidentally with crossing over 
in neighboring regions. 
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Whitehouse’s objections (’42) against attributing excess II-III 
2-strand pairs of exchanges to spindle overlap, in the Lindegrens’ 1937 
data, do not apply to centromere misassortment in the total data. 


A second group of Neurospora data have been analyzed for 
chromatid interference in table 2. The numbers are too small 
to be useful unless results from different intervals and ex- 
periments are pooled. T'wo-strand doubles across the centro- 
mere are again in excess. 

Results from organisms other than Neurospora crassa are 
gathered in table 3. Neurospora sitophila, in contrast to N. 
crassa, shows an excess of 3-strand doubles across the centro- 
mere. Double exchanges in nearly 400 Sphaerocarpus tetrads 
provide no indication of chromatid interference, but the inter- 
vals are so long that its existence could easily have been 
obscured. Results from thirty-five tetrads of the moss, Fu- 
naria, are also shown. If we assume, tentatively, that crossing 
over took place at the 4-strand stage, the maximum ratio of 
3-strand to 4-strand doubles in this experiment is 0:19. (Wett- 
stein’s results suggest crossing over at the 2-strand stage. 
More than two types of products were never found among the 
four members of any tetrad, although recombination occurred 
in one or more regions of 13 tetrads that were marked at four 
linked loci.) Results from Drosophila attached-X hetero- 
zygotes are also given in table 3 for comparison with the tetrad 
data. 


No attempt will be made here to evaluate the Drosophila results 
critically, or to review other types of data on chromatid interference 
than those from genetically analyzed tetrads. Such a review would 
include cytological data regarding strand relations in normal chiasma 
pairs (e.g., Huskins and Newcombe, ’41) and data on the genetic and 
cytological results of crossing over in structural heterozygotes (e.g., 
Sturtevant and Beadle, ’36; Giles, 44; Rhoades and Dempsey, 753) 
and in ring chromosomes (e.g., Morgan, ’33). Cases of recombination 
greater than 50% would also be pertinent, (But see Michie and 
Wallace, ’53; and Catcheside, Michie, and Wallace, 03, for interpre- 
tations of the latter that do not involve chromatid interference.) 


The tabulated results include most or all of the adequate 
genetic tetrad data now available regarding chromatid inter- 
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ference. They suggest that such interference does occur, at 
least sporadically, but the most striking deviations can be ex- 
plained in terms other than chromatid interference. It is clear 
that this very important feature of er ossing over is still far 
from being adequately described. 

Even if the results of chromatid interference were com- 
pletely known, their interpretation would depend on the oc- 
currence of sister-strand crossing over. Tetrads can also pro- 
vide information regarding this second fundamental question. 

Sister-strand crossing over. In attached-X chromosomes of 
Drosophila, recessive homozygosis frequencies exceeding one- 
sixth have been interpreted to mean that sister-strand ex- 
changes do not participate in chiasma interference on an equal 
basis with nonsister exchanges (Weinstein, ’33; Beadle and 
Emerson, ’35). In tetrads, the occurrence of second-division 
segregations in excess of two-thirds provides additional evi- 
dence for the same conclusion. 

Before examining the data, it may be useful to compare 
tetrads with attached-X chromosomes (fig. 1). Attached-X’s 
can be thought of as incomplete, ordered tetrads, and are 
equivalent to two strands taken one from the top half and one 
from the bottom half of a Neurospora ascus. Single exchanges 
(and a proportion of multiples) result in second-division segre- 
gation of alleles distal to the exchange. One-fourth of the pos- 
sible combinations of two strands taken from top and bottom 
halves of second-division segregation asci consist of two re- 
cessives, and recessive homozygosis frequencies are thus 
exactly equivalent to one-fourth of the corresponding second- 
division segregation frequencies. Consequently, second-divi- 
sion segregations exceeding two-thirds are equivalent to re- 
cessive homozygosis frequencies exceeding one-sixth. 

A gene-centromere interval is measured when second-divi- 
sion segregation frequencies are scored. It can be seen from 
figure 1 that the equivalent metric for a gene-gene interval is 
the frequency of tetratype tetrads — those in which the four 
products are all different (AB + Ab + aB + ab). 


DAVID D. PERKINS 


126 


st 


‘8, X-poyouqze snosfzo10joy Ur 4[Nser prnom sosuvyoxe [eoordtaaa fumoys 
asuvyoxe yeooidrerm0u y ‘SOUTOSOMOITD X-poyoezze IOF puv spesjo} 10z poredurod 10a0 Surssoro Jo soouenbesuoy ‘SLA 


v 
q 
Gq SNOSAZOWOH = 
V 
YO aa We Pie 
g 
@8 SNOSAZOWOH D 
= 3LOSAZONISLIH 
X-O3SHOVLLY 
ire VY WHAOSOHO 
oF) 
v : ae 
q‘g@ GNV 0‘V YOS 
NOLW9SYOSS 3dALVYLIL ol = pena oa eet rn q 0} 
SR ohn Ks) D 
NOILV9IHOIS NOISIAIG puz g V g Vv 
JLOSAZONSLIH TWWYON 
Eee oer VHOSSOUNIN 


d3YO00S GSYSA003Y SLONGOYd Y3AAO ONISSONO 


TETRADS AND CROSSING OVER 127 


Cases where either second-division or tetratype segrega- 
tions exceed two-thirds are tabulated in table 4. Significant 
excesses have been reported for segregations in at least eight 
organisms. (I am indebted to Dr. D. C. Hawthorne of the Uni- 
versity of Washington and to Dr. J. N. Hartshorne of Man- 
chester University for permission to use unpublished data.) 

For the present purpose, it is irrelevant whether genes are linked, 
because in order for two unlinked genes to produce more than two- 
thirds tetratypes, one or the other of them must undergo second- 
division segregation with a frequency exceeding two-thirds (see 
Whitehouse, *49, p. 231). However, a high frequency of tetratypes 
could conceivably result for unlinked genes, independently of crossing 
over, if centromeres were usually postreduced for one bivalent and 
prereduced for another. 

Likewise, second-division segregations exceeding two-thirds in fre- 
quency could result without crossing over if centromeres were post- 
reduced. 


Some maximum homozygosis values from Drosophila are 
also shown in table 4, where observed frequencies have been 
multiplied by four so as to be more easily compared with the 
tetrad frequencies. 

The tetrad results extend and reinforce previous conclusions 
from Drosophila, that sister-strand exchanges do not occur on 
an equal basis with nonsister exchanges. These results do not, 
of course, preclude the occurrence of sister-strand crossing 
over on some other basis. 

Consequences of sister-strand crossing over for wmterpret- 
ing chromatid interference data. So long as sister-strand 
crossing over on any basis whatever is not ruled out, it is 
important to consider what effect it might have on the mani- 
festation of chromatid interference. Schwartz has recently 
pointed out (’53b) that if exchanges between sisters occurred 
either at or after the time of nonsister crossing over, they 
could drastically alter the ratios of double-exchange types that 
emerged in tetrads. If sufficiently frequent (Sax, 32), they 
could produce a completely random distribution of emerging 
types, and hide an actual chromatid interference. I can think 
of no likely mechanism, however, by which they could accom- 
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plish the reverse, and simulate chromatid interference where 
none existed. Unless such a mechanism exists, any departure 
from a random ratio of 2-, 3-, and 4-strand double exchanges 
provides valid evidence for the existence of chromatid inter- 
ference. Consequently, investigations of chromatid interfer- 
ence in tetrads still remain meaningful, in spite of the possible 
existence of sister-strand crossing over. 


Sister-strand crossing over could reverse the apparent sign of 
chromatid interference. But in order for sister exchanges by them- 
selves to simulate chromatid interference between nonsister exchanges, 
a selective kind of chromatid interference would be required that. af- 
fected nonsister-sister relations but not nonsister-nonsister relations. 
If sister-strand exchanges were numerous relative to nonsisters, 
as Schwartz (’53a) has suggested, one might expect chromatid inter- 
ference to be most clearly demonstrable between very small adjacent 
intervals, and to be masked progressively in longer intervals. Data 
gathered by Huskins and Newcombe (741) might be interpreted in 
this way. 


A diagram (fig. 2) may be useful for summarizing the inter- 
relations discussed. (1) Chiasma interference can be distin- 
guished from chromatid interference in tetrads, but not in 
strands. (2) Tetrads, if adequately marked, are capable of 
providing a complete description of the positions and of the 
emerging types of all exchanges. (3) Whether the emerging 
types correspond to original types depends on whether sister- 
strand crossing over occurs. Its occurrence could affect both 
tetrads and strands by obscuring or reversing the sign of 
chromatid interference in tetrads, which would in turn alter 
coincidence in strands. (4) The diagram is incomplete in 
failing to show a direct relation between sister-strand crossing 
over, on one hand, and chiasma and chromatid interference, 
on the other. This omission is not necessarily justified by the 
demonstration that sister exchanges do not participate in 
chiasma interference on an equal basis with nonsisters, be- 
cause a direct interrelation on some unequal basis has never 
been excluded. 

It is apparent that the three inferred variables, chiasma in- 
terference, chromatid interference, and sister-strand crossing 
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over, must be taken into consideration as fundamental fea- 
tures of any adequate theoretical model of crossing over 
(Weinstein, ’36). This suggests a mode of attack that would 
depend largely on tetrads for its effectiveness, namely, to 
construct a basic model of crossing over, and to vary these 
fundamental features one at a time in such a way that their 
effects both on tetrads and on single strands could be predicted 
and compared with experimental data. I shall try to illustrate 
the feasibility of such an approach by using a simple model to 
predict tetratype or second-division segregation frequencies 
for the one, and recombination frequencies for the other. 


AN ILLUSTRATIVE MODEL 


My model has the following basic features: (1) Crossing 
over occurs at the 4-strand stage. (2) Nonexchanges are not 
excluded for any interval. (3) Intervals contain no discon- 
tinuities such as centromeres or points of chiasma localization. 

Chiasma wmterference varied. Let us begin by varying 
chiasma interference, assuming that chromatid interference 
does not exist, and that sister-strand crossing over either is 
absent or does not affect chiasma interference (fig. 3). The 
upper curves in figure 3 are for tetrads, the lower ones 
for single strands. (The solid curves for tetrads give the fre- 
quencies of tetratypes, or of second-division segregations, or 
of recessive homozygosis X 4. Four-strand doubles and a frac- 
tion of multiple exchanges would produce nonparental ditype 
tetrads, shown by dashed lines to the same scale as tetratypes 
in figures 3, 5, and 7.) 

Successive curves correspond to different amounts of chi- 
asma interference. The straight lines describe the relations 
that would obtain with complete chiasma interference. The 
zero interference curves, at the other extreme, are based on a 
Poisson distribution of exchanges, and were obtained origi- 
nally by Haldane (19) for strands, and by Rizet and Engel- 
mann (’49), and by Papazian (751) (independently) for tet- 
rads. The intermediate curves were obtained as follows. 
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It is assumed that when chiasma interference is varied Jor 
any interval between two marked loci, the probability of non- 
exchange tetrads remains unchanged, but that the proportions 
of tetrads with single, double, triple, and higher exchanges are 
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Fig. 3 Consequences of varying chiasma interference, in the absence of chro- 
matid interference and sister-strand crossing over. 
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shifted. (Boost, ’89 suggested this mode of attack, and called 
the length of an interval at zero interference the ‘‘a priori’ 
map length.) The Poisson proportions that would obtain at 
zero interference were used as a reference, and new propor- 
tions for any specific amount of interference were determined 
by multiplying the successive terms of this Poisson expansion 
by a factor k*~1, where k is a coefficient proportional to coinci- 
dence, and r represents the exchange multiplicity or rank of a 
tetrad. By varying k in the equations, chiasma interference is 
varied from being complete (k —0) to being absent (k =1). 
(For equations, consult Barratt et al., ’54.) 

The tetrad curves characteristically pass through a maxi- 
mum tetratype frequency (as indicated by Ludwig, ’37). This 
is due to a predominance of single exchanges, and is consistent 
with data already presented in table 4. 

Tetrad data from lower plants are still inadequate for curve 
fitting, even in Neurospora. But Drosophila data can be used 
for the present illustration. X-chromosome data for recombi- 
nation frequencies and for homozygosis frequencies have been 
plotted in figure 4. They indicate that interference may corre- 
spond to the k = 0.2 or the k = 0.3 curves. 

These attached-X data are unique in allowing interval lengths to 
be computed from component strands of the same individual that 
provided homozygosis frequencies. There are indications of a decline 
following the maximum in one set of the D. melanogaster data. A 
similar decline was shown for D. virilis by Demerec and Lebedeff (734). 
The decline has been reported only once, that I know of, in lower 
plants. Knapp (’37) obtained 78% postreductions for a Sphaero- 
carpus interval 65 units long, falling to 65% when the distance in- 
creased to 93 units. 


Chromatid interference varied. Let us now vary chromatid 
interference in the model, holding chiasma interference con- 
stant at the four levels shown in figure 4. The next two figures 
show the situation for two extremes of chromatid interference : 
completely positive (fig. 5), and completely negative (fig. 6). 
In the positive case, adjacent exchanges would be exclusively 
of the 4-strand type, giving rise to recombination frequencies 
greater than one-half. Tetratypes still reach a maximum 
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greater than two-thirds, even though all of them must come 
from single exchanges; they then decline rapidly toward one- 
half as a limiting value, instead of the normal two- thirds. 


TETRATYPE OR 2nd DIVISION SEGREGATION, 
OR 4X HOMOZYGOSIS (%) 


OBSERVED RECOMBINATION 


RECOMBINATION (%) 


O 20 40 60 80 100 120 
INTERVAL LENGTH (MAP UNITS) 
Fig. 4 Data from Drosophila melanogaster (X chromosome) compared with 
curves from figure 3. Interval lengths were determined individually for each set 
of data. A— solid circles, Beadle and Emerson, ’35; open circles, Bonnier and 


Nordenskiold, 7837. B— open circles, Anderson and Rhoades, ’31 compilation; 
solid circles, Morgan et al., 737. 
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Fig. 5 Consequences of complete positive chromatid interference (adjacent 
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At the opposite extreme, all multiple exchanges are of the 
2-strand type (fig. 6). Recombination values are depressed. 
Tetratype frequencies resemble those in figure 9, but non- 
parental ditype segregations are excluded. Both strand and 
tetrad curves are thus quite unrealistic. 

Sister-strand crossing over varied. If sister-strand crossing 
over occurred independently of chiasma interference, and if it 
were frequent enough, all evidence of chromatid interference 
would vanish from figures 5 and 6, and the curves would be- 
come indistinguishable from those in figures 3 and 4. 

One final set of curves in figure 7 shows what effect sister- 
strand exchanges would have if they participated in chiasma 
interference on an equal basis with nonsisters. Tetratypes 
could not exceed two-thirds, nor homozygosis frequencies one- 
sixth. This hypothesis was ruled out earlier by data trans- 
eressing these limits (table 4). 

The model just used for illustration was originally devel- 
oped for the practical purpose of estimating map distances 
with 2-point tetrad data from long intervals in Newrospora 
(Barratt et al., 54). Because of its mathematical simplicity 
and its flexibility, it offers certain advantages over more ele- 
gant and specialized models. The feature to be stressed, how- 
ever, could apply equally well to any 4-strand model (e.g., that 
of Carter and Robertson, 752). This feature is, that our model 
has been used to derive relations not only for single strands 
but also for tetrads. New possibilities for comparison and 
prediction are thus disclosed, that remain hidden so long as 
thinking is limited to single strands alone. 


ORGANISMS FOR TETRAD ANALYSIS 


It may be useful to conclude by describing the present status 
of some organisms that promise to be significant for tetrad 
analysis, and that may soon enable these theoretical relations 
to be tested. Newrospora, Saccharomyces, Chlamydomonas, 
and Sphaerocarpus are chosen as especially promising ex- 
amples. 
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Neurospora. Knowledge of recombination in N eurospora 
crassa is by far the most extensive, thanks to the Lindegrens 
(733-42), to Houlahan, Beadle, and Calhoun (49), and to 
many other investigators. More than eighty-five genes have 
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Fig. 6 Consequences of complete negative chromatid interference (adjacent 
exchanges exclusively of the 2-strand type) in the absence of sister-strand crossing 
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now been assigned to the seven linkage groups. Maps have been 
constructed from compiled tetrad data by Barratt et al. (’54). 

Few multiple-point crosses have been made, so gene order 
+s often uncertain. A majority of the markers are nutritional 
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Fig. 7 Consequences of sister-strand crossing over that participated in chiasma 


EE on an equal basis with nonsister crossing over. Chromatid interference 
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mutants, but there are a number of useful visible characters. 
Chromosome cytology is difficult but feasible (McClintock, 
49; Singleton, ’53), and translocations are already being used 
to assign linkage groups to specific chromosomes (Singleton, 
48; St. Lawrence, 52). 

Saccharomyces. The yeast Succharomyces cerevisiae is less 
well known genetically than Neurospora, and is in several re- 
spects more difficult to analyze. Its use for recombination 
genetics has been retarded by the necessity of micromanipula- 
tion to isolate progeny, by a dearth of visible markers, and by 
the occurrence of irregular segregation ratios. Chromosome 
cytology is still too rudimentary to provide much help. 

Despite these difficulties, substantial progress has been 
made. The first yeast map was published by Lindegren in 
1949, 13 years after his first Neurospora map. Other genes 
have since been added (Lindegren and Lindegren, 751). Haw- 
thorne (753) has used linear yeast asci to map centromeres 
more accurately than was feasible with nonlinear ones (White- 
house, ’50; Lindegren, ’49). 

Chlamydomonas. Another organism that shows promise 
for recombination genetics is the unicellular alga, Chlamy- 
domonas. Sonneborn (751) has recently reviewed and evalu- 
ated the work of Moewus, so reference will be made here only 
to progress reported by other investigators. 

Several species are being used, notably C. reinhardi (Smith 
and Regnery, 50; Weaver, ’52; Hartshorne, 53; Nybom, 53; 
Sager and Granick, 53, ’54; Sager, ’54; Ebersold, 54; Ever- 
sole, unpublished) ; C. moewusii (Lewin, ’52, 753; Nybom, 753) ; 
and C. eugametos (Nybom, 753; C. S. Gowans, unpublished). 
Technical advances in making crosses, in isolating and scoring 
segregants, and in detecting mutants suggest that Chlamy- 
domonas may soon be handled with as great experimental fa- 
cility as Neurospora. The cells of a tetrad can be separated 
manually, without recourse to micromanipulation, more rap- 
idly than Neurospora ascospores can be isolated (Ebersold, 
54). Preliminary chromosome studies have been made 
(Schaechter and DeLamater, 754). 
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A variety.of morphological and physiological mutants are 
now available as markers. Among those that segregate as 
single genes are biochemical mutants with clear-cut require- 
ments for arginine, p-aminobenzoic acid, nicotinic acid, thia- 
min, and acetate; mutants resistant to streptomycin, and to 
methionine sulfoxamine; mutants with impaired photosyn- 
thetic or heterotrophic capabilities; and pigment mutants. 
There are also a variety of morphological mutants involving 
such structures as chloroplast, eyespot, and flagella, as well as 
mutants recognizable by colony morphology. 

Linkage has been shown in C. moewusii by Lewin (753), and 
C. reinhardi by Ebersold (’54) who has mapped five genes 
(and the centromeres) in two linkage groups. The occurrence 
of tetratype segregations for the linked genes in both of these 
species proves that crossing over takes place at the 4-strand 
stage. 


The occurrence of tetratype tetrads proves nothing regarding cross- 
ing over unless markers are known to be linked or unless the mode of 
centromere separation is known to be invariable, because tetratypes 
could result where there was no crossing over, or where crossing over 
was at the 2-strand stage, if centromeres sometimes divided equation- 
ally and sometimes reductionally at meiosis I or if centric activity 
was diffuse rather than localized. 


I am indebted to the following persons for permission to use 
unpublished information concerning mutants and techniques: 
Mr. Russell A. Eversole (acetate, arginine, PABA, and nico- 
tinic mutants in C. reinhardi), Mr. Charles 8S. Gowans (nico- 
tinie and other mutants in C. eugametos), Dr. W. T. Ebersold 
(C. reinhardi), all three from Stanford University; and Dr. 
Ruth Sager, Rockefeller Institute for Medical Research (meth- 
ionine sulfoxamine-resistant mutant in C. reinhardi). 

Sphaerocarpus. The final organism chosen for comparison 
is a bryophyte — the liverwort Sphaerocarpus donnellii. This 
was first used for tetrad analysis by Allen (’24, ’26) and later 
developed to a condition of great usefulness by Knapp (’36, 


’37) who mapped one linkage group containing seven gene loci 
and the centromere (’37). 
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The four meiotic products stay together in Sphaerocarpus, 
forming large, adherent spore tetrads that are easily sepa- 
rated from one another. Two male and two female plants 
result from each tetrad. X and Y chromosomes segregate 
regularly at the first meiotic division, and the morphologically 
recognizable sex difference thus marks the centromeres. 
Knowledge of chromosome cytology is well advanced (see, for 
example, Lorbeer, ’41). In view of these characteristics it is 
surprising that Sphaerocarpus has not been used more widely. 

These four organisms are by no means unique in possessing 
features favorable for tetrad analysis, and may well come to 
be rivalled by others such as Venturia (Boone, ’51; Keitt, 
02; Keitt and Boone, ’54), Glomerella (Wheeler, ’53; Chilton 
and Wheeler, ’49), or Podospora (Rizet and Engelmann, 749; 
Monnot, ’53). 

We are now in a position to recognize the potential useful- 
ness of tetrads. Materials are becoming available for realizing 
these potentialities, and as mapping improves, we may look 
increasingly to them for answers to some of the still unsettled 
questions regarding crossing over. 


DISCUSSION 


Lixpecren: Since the P values (by x?) for regions I-IV and 
II-IV, based on Dr. Perkins’ recalculated data, are 0.025 and 
<0.001, respectively, the evidence for chromatid interference 
is as positive on the hypothesis of misassortment of the centro- 
mere as on the hypothesis that the centromere segregates regu- 
larly at meiosis I. 

Perkins: It is true that two or three deviations that indi- 
cate chromatid interference still remain, but recomputation 
has decreased the deviations from 1:2:1 for all interval pairs 
that were originally deviant, except for II-IV. 

J. Leperserc: I would agree we are sometimes too much 
wedded to the idea of regular prereduction of the centromeres, 
and that we ought not always to assume that no other possi- 
bilities exist. I wonder if either Dr. Perkins or Dr. Lindegren 
would comment on the situation in Podospora anserina, where 
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Rizet and Engelmann have shown that, in order to account for 
the segregation patterns in heterokaryotic ascospores, one 
would have to postulate a regular postreduction of the sex fac- 
tor. To do this on the basis of regular prereduction of the 
centromere would require a single obligate crossover — in 
other words, absolute interference of chiasmata. But a possibly 
simpler interpretation would be, for the sex chromosome, post- 
reduction of the centromere and close linkage of this with the 
mating-type factor. I do not know whether any factors on 
this chromosome have been found that show sufficient first- 
division segregation to rule out this explanation. 

Some time ago, Dr. Lindegren showed me an unpublished 
manuscript which at least hinted that a paracentric inversion 
in Neurospora might interfere with pairing and lead to post- 
reduction of the centromere. 

Perkins: I do not recall that Rizet or his collaborators 
have ever obtained markers properly placed in the compati- 
bility group so as to accomplish this. But I believe that genes 
located in other linkage groups have provided critical evi- 
dence. 

Added note: Data of Monnot (’53) on Podospora (Pleurage) ex- 
clude centromere postreduction as a general mechanism to account for 
the highly frequent occurrence of asci in which the binucleate asco- 
spores are heterokaryotic for particular pairs of alleles, such as those 
governing compatibility. She reports crosses in which genes at two 
linked loci segregate so as to produce, in 69% of asci, spores that are 
homokaryotie with respect to one pair of alleles S, s, in contrast to 
producing only 20% of asci with spores that are homokaryotic for 
the other pair of alleles, J, 7. At low temperatures the corresponding 


values are 98 and 6% respectively, which are in even more striking 
contrast. 


Although centromere postreduction could readily account for segre- 
gations that resulted in as much as 100% of heterokaryosis for alleles 
that were presumably at proximal loci (say I, 7, following Lederberg’s 
suggestion), it would not allow more than 50% of segregations to be 
homokaryotie for genes located distally (say S, s), regardless of cross- 
ing over. The frequency of homokaryon-producing segregations in 
Podospora clearly exceeds 50% not only for the s alleles but also for 
genes at the d, p, and b loci, which attain 98, 94, and 61% homokary- 
otic segregations, respectively (Rizet and Engelmann, ’49). 
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The fact that some genes segregate so as to be homokaryotie in 
practically all asci, while other genes are almost always heterokaryotie 
in the same asci, cannot easily be reconciled with the second mechanism 
suggested by Lederberg, especially when the contrasted genes are 
linked as in Monnot’s experiments. But these results are compatible 
with the hypothesis adopted by Rizet et al. (’49) that centromeres 
are prereduced normally, and that heterokaryotic ascospores result 
from the occurrence of single crossing over in the interval between 
centromere and gene locus. 


Mrcxzy: I should like to recall that there is a classic ex- 
ample of equational first division of the sex chromosome in 
the squash bug, Anasa tristis. In the male of this insect, which 
is the X-O type, the X chromosome regularly divides equally 
in the first meiotic division, then goes to one pole but not to 
the other in the second division. Although the chromosomes of 
hemipterous insects are considered to have diffuse spindle 
attachments rather than typical localized centromeres, it ap- 
pears that this case is still pertinent to a discussion of segre- 
gation and crossing over. 

Sacer: I should like to point out the usefulness of tetrad 
analysis in the detection of cytoplasmic inheritance in organ- 
isms in which both parents contribute their total cell contents 
to the zygote. 

One type of nonchromosomal inheritance, detected in yeast 
and in Chlamydomonas by the occurrence of 4:0 segregation, 
has been attributed to a nonchromosomal unit present in many 
replicates and distributed randomly at meiosis. In these in- 
stances the ruling out of known chromosomal mechanisms has 
been greatly simplified by the recovery of all four products of 
meiosis. 

Work with chloroplast mutants of Chlamydomonas has 
posed the problem of how to detect another type of nonchromo- 
somal inheritance, if it occurs; namely, the direct inheritance 
of a unit cytoplasmic body in which crosses between two con- 
trasting forms would presumably result in regular 2:2 segre- 
gations. Such factors could be distinguished from Mendelian 
ones by the absence of linkage with other markers, but this 
requires an exceedingly well-marked genome. Preliminary 
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screening can be provided by tetrad analysis, on the assump- 
tion that the regular distribution of a cytoplasmic unit would 
require an oriented segregation at meiosis, most likely all 
first- or all second-division segregation, and not the inter- 
mediate frequencies of second-division segregation exhibited 
by most chromosomal loci, owing to centromere distance and 
crossing over. Since with tetrad analysis one can compute 
the frequency of second-division segregation for each of three 
or more unlinked markers in multifactorial crosses, a means 
is available to detect instances of complete linkage with an 
independence of the centromere, and thus to sort out possible 
instances of nonchromosomal inheritance for further study. 

Papazian: I think it best to keep an open mind as to the 
most useful way of measuring chromatid interference. To 
consider it as similar to chiasma interference where one break 
inhibits or promotes the probability of another break close by 
may be wrong; it may be that the proportion of symmetrical 
(2- and 4-strand) doubles to asymmetrical (3-strand) doubles 
is a more appropriate measure. Other patterns are also pos- 
sible. The effect of temperature on interference is certainly of 
great importance. In Rizet’s experiments with Podospora, it 
was proposed that a single crossover invariably occurred be- 
tween the centromere and the mating-type locus. A locus was 
known in this interval and the frequency of second-division 
segregation of this locus varied greatly with temperature. 
This was taken to mean that the average position of the single 
invariable crossover varied with temperature. The regular 
second-division segregation of the mating-type locus could 
well be due to second-division segregation of the centromere, 
as Dr. Lederberg suggested, but supplementary hypotheses 
would have to be made to account for the behavior of the locus 
in the interval between centromere and mating-type locus. 
Moewus’ account of the occurrence of crossing over at the 
2-strand stage at temperatures below 5°C. can be regarded as 
an upset of the normal time of division of centromere relative 
to chromosome; or as a case of constant 4-strand doubles. The 
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effect of temperature, and especially low temperature, on in- 
terference needs further investigation. 

DreLamarer: Since Dr. Perkins has emphasized the possible 
use of various microorganisms as cytogenetic tools, it is per- 
haps proper that a few comments should be made about the 
cytology of Chlamydomonas and Schizosaccharomyces octo- 
sporus. This work has been done in collaboration with Drs. 
Moselio Schaechter and Abraham Widra of my laboratories. 
During the course of the last 2 years we have studied both the 
mitotic and the meiotic processes in representative members 
of these two groups. 

In Chlamydomonas at the metaphase stage, it is possible to 
count the chromosomes with great clarity, as have Pocock and 
Cave in other volvocales. The chromosome number in C. 
moewusii is 36, which is considerably over the expected number 
if we accept the linkage groups as defined by Moewus. The 
meiotic phenomena in this organism are very peculiar and are 
complicated by the extremely small size of the chromosomes. 
There appears to be an aggregation of two or more non- 
homologous chromosomes during the meiotic prophase, so 
that ten discrete bodies appear in a ring configuration at the 
time of diakinesis. This number corresponds with the number 
of linkage groups described by Moewus. Further study will 
be necessary before this picture is completely understood. 

In Schizosaccharomyces the haploid chromosome number 
appears to be 4, and the meiotic configurations, in contrast to 
those found in Chlamydomonas, appear to follow the classic 
patterns more closely. 

It appears to me that the major limitation of these organ- 
isms as cytogenetic tools is the minute size of the chromosomes 
which they possess. 


LITERATURE CITED 


ALLEN, C. E. 1924 Gametophytice inheritance in Sphaerocarpus. I. Intraclonal 
variation, and the inheritance of the tufted character. Genetics, 9: 
530-587. 
1926 The direct results of Mendelian segregation. Proc. Nat. Acad. 
Se, 12: 2-7. 


146 DAVID D. PERKINS 


ANDERSON, E. G., AND M. M. Ruoaprs 1931 The distribution of interference in 
the X-chromosome of Drosophila. Papers Michigan Acad. Se., 13: 
227-239. 

Barratt, R. W., D. NewMrEyER, D. D. PERKINS, AND L. GaRNJoBST 1954 Map 
construction in Neurospora crassa. Advances Genet., 6: 1-93. 

BEADLE, G. W., AND 8S. Emerson 1935 Further studies of crossing over in at- 
tached-X chromosomes of Drosophila melanogaster. Geneties, 20: 192— 
206. 

Bonnigr, G., AND M. NorpENSKIOLD 1937 Studies in Drosophila melanogaster 
with attached X:s. I. Crossing-over values. Frequencies of reciprocal 
and non-reciprocal exchanges. Chromatid interference. Hereditas, 23: 
257-278. 

1939 Studies in Drosophila melanogaster with attached X:s. II. 
Frequency of homozygosis. Hereditas, 25: 477-490. 

Boonz, D. M. 1951 Linkage groups in Venturia inaequalis. Phytopathology, 
41; 4, 

Boost, C. 1939 Genetische Untersuchungen zur Chiasmabildung und Interferenz- 
wirkung bei Drosophila. Untersuchungen zum Gesetz des Crossing-over 
III. Ztschr. indukt. Abstammungs- u. Vererb., 77: 386-449. 

CaRTER, T. C., AND A. ROBERTSON 1952 A mathematical treatment of genetical 
recombination, using a four-strand model. Proc. Roy. Soec., London, s. B, 
139: 410-426, 

CATCHESIDE, D. G.; D. MicHtE; anp M. HE. WALLACE 1953 ‘‘ Affinity’’ in maize. 
Nature, London, 172: 112-113. 

CHILTON, S. J. P., anD H. E. WHEELER 1949 Genetics of Glomerella. VI. Link- 
age. Am. J. Botany, 36: 270-273. 

DrMeErREC, M., AND G. A. LEBEDEFF 1934 Spindle-fiber attachment end of the X- 
chromosome of Drosophila virilis. Cytologia (Tokyo), 5: 391-394. 

EsERSOLD, W. T. 1954 The isolation and characterization of some mutant strains 
of Chlamydomonas reinhardi Dangeard. Ph. D. Thesis, Stanford Uni- 
versity. 

Emerson, S., AND G. W. BEADLE 1933 Crossing-over near the spindle fiber in 
attached-X chromosomes of Drosophila melanogaster. Ztschr. indukt. 
Abstammungs- u. Vererb., 65: 129-140. 

Gites, N. H. 1944 A pericentric inversion in Gasteria resulting in apparent iso- 
chromosomes at meiosis. Proc. Nat. Acad. Se., 30: 1-5. 

Haupane, J. B.S. 1919 The combination of linkage values, and the ecaleulation 
of distances between the loci of linked factors. J. Genetics, 8: 299-309. 

HARTSHORNE, J. N. 1953 A suppressor in Chlamydomonas reinhardi. Heredity, 
es MSY), 

1953 The function of the eyespot in Chlamydomonas. New Phytolo- 
gist, 52: 292-297, 

HawtHorne, D. C. 1953 The use of linear asci in chromosome mapping of 
Saccharomyces hybrids. Bact. Proe., pp. 30-31. 

Hovunauan, M. B., G. W. Bape, AnD H. G. CatHoun 1949 Linkage studies 
with biochemical mutants of Neurospora crassa. Genetics, 34: 493-507. 

Husxins, C. L., anp H. B. Newcompzs 1941 An analysis of chiasma pairs show- 
ing chromatid interference in Trilliwm erectum L. Geneties, 26: 101— 
127. 


TETRADS AND CROSSING OVER 147 


Htrrieg, W. 1931 Uber den Einfluss der Temperatur auf die Keimung und Ge- 

schlechtersverteilung bei Brandpilzen. Ztschr. Botanik, 24: 529-577. 

1933 Uber physikalische und chemische Beeinflussungen des Zeit- 
punktes der Chromosomenreduktion bei Brandpilzen. Ztsehr. Botanik, 
26: 1-26. 

Kerrr, G. W. 1952 Inheritance of pathogenicity in Venturia inaequalis (Cke.) 
Wint. Am. Naturalist, 86: 373-390. 

Keitt, G. W., aNnD D. M. Boone 1954 Induction and inheritance of mutant 
characters in Venturia inaequalis in relation to its pathogenicity. Phyto- 
pathology, 44: 362-370. 

Kyarp, E. 1936 Zur Genetik von Sphaerocarpus (Tetradenanalytische Unter- 
suchungen). Ber. deutsch. botan. Gesellsch., 54: (58)—(69). 
—————— 1937 Crossing-over und Chromosomenreduktion. Ztschr. indukt. Ab- 

stammungs- u. Vererb., 73: 409-418. 

Lewin, R. A. 1952 Ultraviolet induced mutations in Chlamydomonas moewusii 
Gerloff. J. Gen. Microbiol., 6: 233-248. 

1953 The genetics of Chlamydomonas moewusii Gerloff. J. Genetics, 
51: 543-560. 

LINDEGREN, C. C. 1933 The genetics of Neurospora. III. Pure bred stocks and 
crossing-over in NV. crassa. Bull. Torrey Botan. Club, 60: 133-154. 

1936 A six point map of the sex-chromosome of Neurospora crassa. 
J. Genetics, 32: 243-256. 

1936 The structure of the sex-chromosomes of Newrospora crassa 
suggested from genetical analysis. J. Hered., 27: 251-259. 

1949 Chromosome maps of Saccharomyces. Proc. 8th Int. Congr. 
Genetics, Hereditas Suppl. Vol., 338-355. Or: The yeast cell. Its 
genetics and cytology. Educational Publishers, Inc., St. Louis, Mo. 
Chap. 24. 

LINDEGREN, C. C., AND G. LINDEGREN 1939 Non-random crossing over in the 
second chromosome of Neurospora crassa. Genetics, 24: 1-7. 

1942 Loeally specific patterns of chromatid and chromosome inter- 
ference in Neurospora. Genetics, 27: 1-24. 

1951 Linkage relations in Saccharomyces of genes controlling the 
fermentation of carbohydrates and the synthesis of vitamins, amino 
acids and nuclei acid components. Indian Phytopath., 4: 11-20. 

LorBeEeR, G. 1941 Struktur und Inhalt der Geschlechtschromosomen. Ber. 
deutsch. botan. Gesellsch., 59: 369-418. 

Lupwie, W. 1937 Uber die Hiufigkeit von Prii- und Postreduktion. Ztschr. 
indukt. Abstammungs- u. Vererb., 73: 332-346. 

McCurntock, B. 1945 Neurospora. I. Preliminary observations of the chromo- 
somes of Neurospora crassa. Am. J. Botany, 32: 671-678. 

Micuiz, D., AND M. E. WaLLAcE 1953 Affinity: a new genetic phenomenon in 
the house mouse. Nature, London, 171: 26-28. 

Monnot, F. 1953 Sur la localisation du géne S et sur quelques particularités du 
crossing-over chez Podospora anserina. Compt. rend. Acad. d. Se., 236: 
2330-2332. 

More@an, L. V. 1925 Polyploidy in Drosophila melanogaster with two attached 
X chromosomes. Genetics, 10: 148-178. 


148 DAVID D. PERKINS 


Morean, L. V. 1983 A closed X chromosome in Drosophila melanogaster. 
Geneties, 18: 250-283. 

Mor@an, T. H., C. B. Bripczs, AnD J. ScHuLttTz 1937 Constitution of the germi- 
nal material in relation to heredity. Carnegie Inst. Washington Year- 
book, 36; 298-305. 

Nyzom, N. 1953 Some experiences from mutation experiments in Chlamy- 
domonas. Hereditas, 39: 317-324. 

Papazian, H. P. 1951 The incompatibility factors and a related gene in Schizo- 
phyllum commune. Genetics, 36: 441-459. 

1952 The analysis of tetrad data. Genetics, 37: 175-188. 

PERKINS, D. D. 1953 The detection of linkage in tetrad analysis. Geneties, 38: 
L87—197- 

QuINTANILHA, A. 1933 Le probléme de la sexualité chez les Basidiomycétes. 
Recherches sur le genre ‘‘Coprinus.’’ Bol. soc. Broteriana, 8: 1-99. 

RHOADES, M. M. 1931 The frequencies of homozygosis of factors in attached-X 
females of Drosophila melanogaster. Genetics, 16: 375-385. 

Ruoapes, M. M., AnD E. DemMpsny 1953 Cytogenetic studies of deficient-dupli- 
cate chromosomes derived from inversion heterozygotes in maize. Am. 
J. Botany, 40: 405-424. 

Rizet, G., AND OC. ENGELMANN 1949 Contribution 4 1’étude génétique d’un As- 
comycéte tétrasporé: Podospora anserina (Ces.) Rehm. Rev. cytol. et 
biol. végétales, 11: 201-304. 

Sacer, R. 1954 Mendelian and non-Mendelian inheritance of streptomycin re- 
sistance in Chlamydomonas reinhardi. Proc. Nat. Acad. Se., 40: 356— 
363. 

Sager, R., anp 8. GRaNIcK 1953 Nutritional studies with Chlamydomonas rein- 
hardi. Ann. New York Acad. Sce., 56: 831-838. 

1954 Nutritional control of sexuality in Chlamydomonas reinhardi. 
J. Gen. Physiol., 37: 729-742. 

St. LAWRENCE, P. 1952 The association of particular linkage groups with their 
respective chromosomes in Newrospora crassa. Ph. D. Thesis, Columbia 
University (Abstract in Dissertation Abstracts, 14: 7-8, 1954.) 

Sax, K. 1932 The cytological mechanism of crossing over. J. Arnold Arboretum, 
13; 180-212. 

ScHAECHTER, M., anp E. D. DELAMATER 1954 Nuclear cytology of Chlamy- 
domonas. Bact. Proce., p. 38. 

ScHWartTz, D. 1953a Evidence for sister-strand crossing over in maize. Genetics, 


38; 251-260. 
1953b Studies on the mechanism of crossing over. Genetics, 38: 
689-690. 


SINGLETON, J. R. 1948 Cytogenetic studies of Neurospora crassa. Ph. D. Thesis, 
California Institute of Technology. 

———— 1953 Chromosome morphology and the chromosome eycle in the 
ascus of Neurospora crassa. Am. J. Botany, 40: 124-144, 

SmitH, G. M., anp D. C, Regnery. 1950 Inheritance of sexuality in Chlamy- 
domonas reinhardi. Proc. Nat. Acad. Se., 36: 246-248. 


TETRADS AND CROSSING OVER 149 


SONNEBORN, T. M. 1951 Some current problems of genetics in the light of in- 
vestigations on Chlamydomonas and Paramecium. Cold Spring Harbor 
Symp. Quant. Biol., 16: 483-503. 
STurTEVANT, A. H., AND G. W. BEADLE 1936 The relations of inversions in the 
X-chromosome of Drosophila melanogaster to crossing-over and dis- 
junction. Genetics, 21: 554-604. 
WeAveER, E.C. 1952 A chlorophyll deficient mutant of Chlamydomonas reinhardi. 
M. A. Thesis, Stanford University. 
WEINSTEIN, A. 1933 Crossing over in triploids and in attached-X diploids. 
Am. Naturalist, 67: 65. 
1936 The theory of multiple-strand crossing over. Genetics, 21: 
155-199. 
WETTSTEIN, F. vON 1923 Kreuzungsversuche mit multiploiden Moosrassen. Biol. 
Zentralbl., 43: 71-83. 
WHEELER, H. E. 1953 Linkage groups in Glomerella cingulata. Phytopath- 
ology, 43: 489. 
WHITEHOUSE, H.L. K. 1942 Crossing-over in Neurospora. New Phytologist, 41: 
23-62. 
1949 Multiple-allelomorph heterothallism in the fungi. New Phytolo- 
gist, 48; 212-244, 
1950 Mapping chromosome centromeres by the analysis of unordered 
tetrads. Nature, London, 165: 893. 
WiuLker, H. 1935 Untersuchungen iiber Tetradenaufspaltung bei Neurospora 
sitophila Shear et Dodge. Ztschr. indukt. Abstammungs- u. Vererb., 
69: 210-248. 


GENETIC MEASURES OF CENTROMERE ACTIVITY 
IN DROSOPHILA MELANOGASTER 1 


E. NOVITSKI 
Department of Zoology, University of Missouri, Columbia, Missouri 


TWO FIGURES 


The great diversity of chromosome types available in 
Drosophila melanogaster, the precision with which these can 
be defined by the use of the salivary gland chromosome tech- 
nique, the relative abundance of mutant genes, and the re- 
markable extent to which the chromosomes in this species 
may be manipulated genetically, all provide an unusual op- 
portunity for the study of the behavior of chromosomes as 
organized units possessing characteristics not immediately 
attributable to their specific gene content. Moreover, the vast 
amount of genetic data accumulated over the years with this 
species provides a definite set of expectations in most experi- 
ments; deviations from these may furnish a clue to some pre- 
viously unrecognized phenomenon. 

One exceptionally fruitful approach to problems of chromo- 
some behavior at the meiotic divisions involves the deliberate 
attempt to study chromosomes of a complex nature. In such 
situations, the consequences of exchange and disjunction are 
theoretically predictable, but there often appear discrepancies 
between the expected and observed results. Examination of 
the assumptions on which the predications are based may show 
one or more of them to be suspect. The validity of these as- 
sumptions may then be tested in less complex situations. 

The experiments to be discussed here represent a genetic 
attack on the properties of the centromere. It may not be im- 

1 This investigation was supported by a research grant C-1578 (C2) from the 
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mediately obvious that this is feasible in Drosophila, for such 
a study requires some sort of device for measuring centro- 
mere activity genetically. Three such devices are to be con- 
sidered here: (1) where two centromeres, with their adjacent 
heterochromatic regions, have different origins and are on 
opposite ends of a double first anaphase bridge; (2) where a 
chromosome does not pair with a homolog and is lost with 
some frequency during the meiotic divisions; and (3) where 
sister centromeres, at opposite ends of a second anaphase 
bridge, are tied together by two chromatids of the same or of 
different lengths. 


COMPARISON PROVIDED BY DOUBLE FIRST ANAPHASE BRIDGES 


The interpretations of Sturtevant and Beadle (736) con- 
cerning the behavior of inversion heterozygotes provide the 
framework within which certain results to be discussed must 
be initially considered. From simple inversion heterozygotes, 
the only recovered crossover products come from double or, 
less commonly, higher-rank exchange. The 2- and 3-strand 
doubles produce recognizable crossovers, while the 4-strand 
doubles result in double first anaphase bridges. Because a 
predictable ratio of three observed crossovers to two patro- 
clinous males is fulfilled, it was concluded that these bridges 
give rise to nullo-X eggs which,‘following fertilization by an 
X-bearing sperm, produce patroclinous males. 

Examination of data from females heterozygous for a 
ring chromosome showed that the observed proportion of 
patroclinous males was much lower than the expectation based 
on the same kind of analysis as that just indicated (Novitski, 
02). A line drawing of the bridges arising in the two types 
of females reveals that they differ in one important respect: 
in the inversion heterozygote, the dicentric chromosomes 
formed by exchange are characterized by subterminal centro- 
meres, whereas those formed in ring heterozygotes, although 
having one subterminal centromere, have one centromere 
ultimately derived from an attached X, which has appended 
to it a free arm consisting of an entire X chromosome. It was 
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considered possible that the asymmetry of the bridges and the 
reduction in patroclinous males were causally related. Be- 
cause the ring chromosome-normal chromosome combination 
is already moderately complex and conclusions based on re- 
sults from it alone may be justifiably suspect, this idea was 
tested by studying the results from an inversion heterozygote 
which could produce bridges mimicking those described. This 
was accomplished by using as the chromosome in normal se- 
quence a two-armed X chromosome derived from attached 
X’s through crossing over with the Y. Such an exchange pro- 
duces reciprocal products each carrying an X chromosome 
with a Y chromosome arm attached as an extra arm. One 
recombinant carries the centromere of the Y chromosome and 
the other the centromere of the attached X. Since attached 
X’s are ordinarily formed through successive exchanges be- 
tween the X and Y chromosomes, it seems quite likely that 
attached-X centromeres are, in some cases, at least, ultimately 
derived from a Y chromosome. 

The proportion of patroclinous males recovered from fe- 
males heterozygous for an inversion and a chromosome in 
normal sequence with the long arm of the Y chromosome 
appended was found to be approximately half of the expecta- 
tion based on studies of simple inversion heterozygotes. Since 
the four products of meiosis in the egg of Drosophila arrange 
themselves in a linear fashion with one of the terminal nuclei 
of this linear array becoming the functional egg nucleus, it 
seemed reasonable that the orientation of the asymmetrical 
bridges with respect to the egg nucleus might account for 
the observed discrepancy. These bridges may orient in two 
ways with respect to the egg nucleus, and if one of the orien- 
tations should fail to give rise to patroclinous males the new 
expectation would agree with the observation. Reasoning of 
this type leads to a tug of war analogy in which the asym- 
metric bridge is presumed to bear centromeres of unequal 
strengths, such that the entire bridge configuration is dragged 
to one pole by the stronger centromere. Such a phenomenon 
should lead to the delivery, in one-half of the cases, of an 
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intact dicentric (or some product of a dicentric) to the func- 
tional egg nucleus which would later kill the zygote. A logical 
sequel to this experiment is the combination in which both 
the inverted and the normal sequences carry a second arm, 
thus reestablishing the symmetry. The expectation here is 
that either the bridges would once again be stalled on the 
spindle or that the bridges would fragment. The first case 
would lead to the same frequency of nullo-X eggs as in simple 
inversion heterozygotes, while the second would lead to the 
delivery to the functional egg nucleus of fragmented chro- 
mosomes reducing the frequency of the patroclinous male 
class to almost zero. The latter proved experimentally to be 
the case, and hence the results are consistent with the supposi- 
tion that the centromere with a Y arm appended is 
‘‘stronger’’ than the subterminal X chromosome centromere. 
It is questionable whether the observed genetic differences 
among the various chromosome types are attributable to 
essentially different centromeres, as such, or to the additional 
chromosome material present as an extra arm. The difficulty 
in making a distinction between these two possibilities experi- 
mentally arises from the lack of specific information about the 
exact nature of the chromosomes used. First, there is some 
ambiguity about the origin of the centromere of an attached-X 
chromosome due to the fact that the attached X’s are usually 
formed in a series of successive crossovers between the X and 
the Y chromosomes, and depending on the exact position of the 
exchanges, may have an X centromere or a Y centromere, and, 
furthermore, there must be heterochromatic segments of 
indeterminant lengths derived from the Y chromosome at the 
base of an attached X. Finally, the detachment comes about 
as a consequence of an exchange between the attached-X and 
Y chromosomes and, although by simple genetic tests it is 
possible to determine which arm of the Y chromosome is 
carried by the detachment, it becomes difficult (if not impos- 
sible) to specify the origin and nature of the other hetero- 
chromatic segments carried by the detachment. Furthermore, 
the lack of good genetic markers in these regions and an 
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apparent nonspecificity of exchange between the heterochro- 
matic regions of the X and Y chromosomes of D. melanogaster 


(Lindsley, 54) may make the interpretation of any result 
difficult. 


THE MEIOTIC LOSS OF UNPAIRED CHROMOSOMES 


The second method which may reveal something about 
centromere activity comes from an apparently unrelated study 
of the behavior of unpaired chromosomes, i.e., univalents, in 
Drosophila (Sandler and Braver, 54). It has been shown, 
entirely by genetic methods, that such unpaired chromosomes 
may be lost during the meiotic divisions, and in some in- 
stances with a frequency which exceeds 50%. This effect 
is probably analogous to the loss of univalent chromosomes 
in plants which has been known for a long time. 

From the point of view of this discussion, however, the 
most significant observation was that the attached-X chromo- 
some without a homolog, i.e., the Y chromosome, showed no 
detectable frequency of loss, and the attached-X Y chromosome 
(an X chromosome with the long arm of the Y chromosome 
attached to the centromere and the short arm attached to the 
tip) shows a very much lower frequency of meiotic loss than 
an unpaired Y chromosome. The conclusion from this was 
that a requirement for the regular passage of chromosomes 
to daughter nuclei during meiosis is paired heterochromatic 
regions adjacent to the centromere, irrespective of whether 
these regions are on separate chromosomes or on the same 
unpaired chromosome. 


RESULTS FROM AN ANALYSIS OF THE TANDEM RING 
X CHROMOSOME 


The study of the tandem ring chromosome has led to some 
interesting conclusions about (1) the behavior of second ana- 
phase bridges, (2) the possibility of the formation of inter- 
locked complexes in such a chromosome after crossing over 
and, incidentally, (3) the results expected from sister-strand 
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exchange in ordinary ring heterozygotes. Hach of these will 
be considered in detail. 

The structure and meiotic behavior of the tandem ring 
chromosome. This chromosome consists of two X chromo- 
somes, joined end to end to form a continuous ring, with the 
two components arranged in tandem such that they synapse 
spirally (fig. 1). Such a chromosome should be able to cross 
over with itself; diagrams indicate that various types of ex- 
changes should give rise to single ring chromosomes, double 


Fig. 1 Synapsis of the two components of the tandem ring, showing the 
essentially different kinds of exchanges that give rise to the three different 
sorts of second anaphase bridges. 


ring chromosomes, triple ring chromosomes, acentrie rings, 
and a variety of dicentries (Novitski, ’54). 

To understand the results obtained from a study of this 
chromosome, it should be kept in mind that this is a compli- 
cated kind of attached-X chromosome. At the first meiotic 
division it disjoins from its homolog, usually a Y chromosome. 
Since one of the terminal meiotic products is destined to be- 
come the egg nucleus, the orientation of the two homologs 
at metaphase I will determine whether the compound X 
chromosome or the Y chromosome will be included in the 
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egg nucleus (as in top line of fig. 2). This orientation has 
never been shown to be anything but random, and conse- 
quently one expects half the eggs to be Y-bearing and nullo-X 
and the other half to carry the compound X chromosome or 
some crossover product from it. Thus the number of patro- 
clinous males should serve as a measure of the number of ego's 
receiving the compound or one of its derivatives. 
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Fig. 2 Schematic diagram of the segregation of a compound (in this case, the 
tandem metacentric) from a homolog marked with the normal allele of yellow. 
The phenotypes of the viable zygotes, when the male parent is yB, are given 
in the outer margins. The first row shows the linear array of meiotic products 
when there is no second anaphase bridge, the second when there is a simple 
bridge that fragments to give rise to a lethal zygote and the third, when there 
is a 1-1 bridge from a double exchange stalled on the spindle and excluded from 
the egg nucleus. 


The initial experiments with this chromosome gave a ratio 
of patroclinous males to X-bearing progeny in excess of that 
expected after taking into account the lethal classes from 
dicentrics (Novitski, 54). Part of this excess may come from 
a lowered viability of the tandem ring, but a question arises 
as to whether there is an additional source of nullo-X eggs 
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from this compound. If the consequences of exchange in this 
compound are examined in detail, it can be shown that some 
of the commonly expected products are second anaphase 
bridges. These are, however, different from the usual type 
of anaphase bridge (which has been shown to give rise to 
lethal zygotes in other types of experiments) but are unique 
in that they possess two chromatids tying sister centromeres 
together. These bridges, moreover, are not identical for all 
combinations of exchanges. There are, in fact, three distinct 
common types (fig. 1). After a single exchange, the two chro- 
matids tying the centromeres together are grossly unequal 
in length, one being as long as a single X chromosome and the 
other as long as three X chromosomes. Of the eight essentially 
different kinds of double exchanges, two produce dicentrics 
which have a link two X chromosomes long and a link one 
X chromosome long, and one of the eight double exchanges 
produces a dicentric with two chromatids of the same length, 
each being one X chromosome long. Symbolically, a distine- 
tion can be made among these three kinds of double second 
anaphase bridges by taking the length of one X chromosome 
as a unit and representing the three classes as 1-3, 1-2, and 1-1 
bridges, respectively. 

Products from second anaphase bridges. The possibility 
that the second anaphase bridges just described may be lost 
on the second division spindle and thereby give rise to a new 
source of nullo-X eggs may be easily tested. If the homolog 
of the compound X is genetically marked, then the nullo-X 
eges which arise in the usual way must carry this marked 
chromosome. Any arising by loss for some reason of the 
compound chromosome would not carry the homolog (lower 
line of figure 2). The results from an experiment designed to 
yield this type of information are given in lines 1 and 2 of 
table 1 where it can be seen that about 10% of the patroclinous 
males arise from the failure of the compound ring, or one of 
its derivatives, to be included in the egg. 

To determine whether these double chromatid dicentrics 
are ever eliminated from the functional egg, the marked homo- 
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log type of experiment was made with the tandem metacentric 
(or tandem attached X), which had previously been investi- 
gated in detail (Novitski, ’51). In a compound of this sort, 
second anaphase bridges are produced by crossing over, all 
the bridges coming from single- and 3-strand double exchanges 
are the same, having a single strand between the two centro- 
meres. However, half the 4-strand double exchanges give 
rise to bridges similar to the class 1-1 bridges produced by the 
tandem ring. Although the argument for the lethality, in 
general, of second anaphase bridges from this compound 


TABLE 1 


Progeny produced from matings of females carrying compound X chromosomes 
homozygous for yellow (except for the Hwf tandem metacentric), and a 
Y chromosome fragment, FR2, with the normal allele of yellow, to 
males carrying the X-Y chromosome marked with yellow and Bar 


PERCENT- 


EXCEPTIONAL AGE 
REGULAR GENERATED EXCEPTI 


RINGS CLASSES EXOEP- 

comrouna Nm Noy HY 

ce ek R oo 29 oo 8698 oy Bos 
Bo 
Tandem ring 2530 245 913 766 254 3 10.4 
Tandem ring 8166 959 2842 2957 700 it 8.6 

Tandem meta- 

centric (Hw f) 2763 681 1205 1049 136 “ 4.9 
TM, dl-49/+ 5823 4611 813 429 30 7 0.5 
TM, +/+ 1138 246 187 92 50 2 4.4 


is very strong (Sturtevant and Beadle, ’36; Novitski, ’51), 
the possibility that this one specific type of bridge did not 
give rise to lethal zygotes had not previously been consid- 
ered. Since it was known that crossing over takes place at a 
normal rate in this type of compound, it could be predicted 
that, as a minimum estimate, there should be 3% of such 
bridges, and, if the marked homolog method was used to dis- 
tinguish between ordinary patroclinous males and those from 
nullo-X eggs arising after such bridge formation, at least 
3% of the patroclinous males should be of the new type. This 
is a minimum estimate because the tandem metacentric had 
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been marked at only two loci, and therefore homozygosis, 
which gives the measure of double crossing over, could not 
be measured completely, whereas detection of the bridges 
would not depend on heterozygous loci in the compound. 
The results from a cross designed to measure the frequency 
of patroclinous males produced from nullo-X-nullo-Y eggs 
from a tandem metacentric compound X chromosome are 
given on line 3 of table 1. There were, in this experiment, 4.97% 
of such exceptional individuals. Now it is reasonable to ques- 
tion this result, for this value might simply represent nullo-X- 
nullo-Y eggs from some variable proportion of the two types 
of bridges produced by this compound; that is, those with one 
and those with two chromatids connecting the centromeres. 
Furthermore, it was not possible to measure primary nondis- 
junction in this run. To settle these questions a new tandem 
metacentric compound was constructed which was heterozy- 
gous for the dl-49 inversion and homozygous for the recessive 
y, making nondisjunction detectable. It is known that the ef- 
fect of the heterozygous dl-49 inversion in this compound is to 
reduce the frequency of single exchanges drastically in the 
region of the inversion and distal to it, but to allow single 
exchanges to occur with about normal frequency from the 
centromere region to the proximal breakpoint of the inversion 
(Novitski and Braver, ’54). As a consequence, single ex- 
changes in such a heterozygote may occur with a high fre- 
queney whereas doubles are virtually eliminated. If the ex- 
ceptional patroclinous males come predominantly from eggs 
with these double bridges, then there should be a drastically 
reduced frequency of such males. If, on the other hand, both 
types of bridges produce such males, the frequency from this 
compound should not be reduced drastically because single 
exchanges, which produce bridges, still occur with a high 
frequency. From table 1, line 4, it can be seen that this com- 
pound gives only 0.2% exceptional males. Once again it 
might be imagined that this result is spurious; that this new 
tandem metacentric is simply behaving differently from the 
previous types. This can be tested by removing the dl-49 in- 
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version (by isolating a rare double exchange type) ; this will 
allow crossing over to occur freely in the compound. Such a 
line was isolated and tested; it gave a frequency of excep- 
tional patroclinous males of 4.2% (line 5, table 1). 

It may now be considered demonstrated that the lethality 
of second anaphase bridges does not extend to the bridge of 
class 1-1. From this observation, the most reasonable in- 
terpretation is that these equal-strand, one-chromosome-long 
double bridges are lagging on the second division spindle and 
getting lost, whereas single chromatid bridges are fragment- 
ing at the second division; the inclusion of the fragment into 
the functional egg nucleus eventually kills the zygote. Prior 
to this observation there appeared to be no reason for be- 
heving that the simple dicentrics might not persist as dicen- 
tries and, as such, cause lethality. With this hypothesis of le- 
thality caused by fragmentation in mind, let us reexamine the 
three types of dicentrics produced by the tandem ring. Al- 
though all three have two strands connecting the centromeres, 
only one has strands of equal length; in the absence of chroma- 
tid interference, the other two classes should be more frequent 
than this latter class and, in particular, class 1-3 should be 
most common, since it comes from half of the single exchanges. 
From the relatively low percentage of nullo-X-nullo-Y eggs 
produced, it can be argued that those dicentrics with two un- 
equally long chromatids are producing lethality; Le., there 
is breakage of the two strands, presumably one at a time, a 
crude analogy being the breakage of two ropes in succession, 
the shorter being broken first. 

Interlocked complexes. If crossing over is visualized as oc- 
curring in a three dimensional system, it might be expected 
that the various kinds of rings would be so intertwined after 
crossing over as to give a very high frequency of loss; in 
fact, it was anticipated that the stock of the tandem ring 
might eliminate itself by crossing over. It proved, however, 
to give results not far from the expectations based on a line 
drawing. Quite clearly, the chromosome either does not regu- 
larly get involved in complex interlocks in the first place, or, 
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if it does, it possesses some special faculty for getting out of 
this difficulty. 

There is a way of making a crude estimate of the maximum. 
allowable loss by interlocking. From single and double ex- 
changes the simplest expectations are 1 single ring: 1 double 
ring: 2 lethal zygotes (the last class arising from triple rings 
as well as dicentries). The data in table 1 show that more 
than 25% of the products of meiosis are single rings, and 
that the ratio of single rings to double rings is not 1:1. (In 
the experimental results given on lines 2 and 4, the male 
parent had the X-Y chromosome with an additional Y chro- 
mosome as a homolog. The other experiments involved the 
use of a univalent X-Y chromosome, which shows some meiotic 
loss, usually about 16%, and the more valid data on the tandem 
ring are therefore those given in line 2. These comparisons 
then are (2957 + 2842) /2 X 8166 = 35.5% and (2957 + 2842) 
/2 X 959/A 1/1.) 

Although the deficiency of double rings suggests a drasti- 
cally lowered viability of this compound, the two relations 
mentioned, particularly the first, suggest that nonrandom 
disjunction, shown to exist where single rings are produced 
by the tandem metacentric, is also operating here. This, in 
itself, may be considered evidence that there is little inter- 
locking of rings after crossing over, because in those cases 
investigated in Drosophila where nonrandom disjunction has 
been observed (tandem metacentric and inverted chromo- 
somes, Novitski, ’51; translocation heterozygotes, S. Zim- 
mering, unpublished), it seems to depend on some structural 
difference between homologs. Any structural differences be- 
tween the two chromatids making up a dyad should be ob- 
scured if they were wound around each other. 

In any case, if it is assumed that the coefficient of non- 
randomness in this case is 1, that is, that single rings pro- 
duced by crossing over are always included in the functional 
ege nucleus to the exclusion of the complementary product, 
and if it is further assumed that there is no loss from invi- 
ability of rings, and finally that all tetrads carry at least one 
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exchange, it can be readily shown from the data given in line 
2 of table 1 that the maximum allowable loss from inter- 
locking is about 20%. Since relaxing each of these assump- 
tions reduces the amount of such loss, and, in fact, the magni- 
tude of each of these effects must be less than assumed here, 
the actual loss by interlocking must be considerably less than 
20%, if any occurs at all. 

We have now considered the arguments against the loss 
of any more than about 10% of rings by interlocking, and 
subsequent stalling at second anaphase, and those against 
the loss of more than 20% of the rings by interlocking, fol- 
lowed by lethality to the zygote. There remains but one other 
possibility if interlocking is common, and this is simply that 
the interlocked rings break at second anaphase with the free 
ends subsequently rejoining to reconstitute normal rings. This 
is obviously impossible to eliminate decisively, yet there are 
two arguments against it. One, already mentioned, is that 
the structural distinction between the single ring chromosome 
and its complement must be present prior to the second 
division in order to give nonrandomness; how such a distine- 
tion could be evident in an interlocked complex is by no means 
obvious. In the second place, roughly half the single rings 
produced by crossing over originate simultaneously with acen- 
tric rings. Breakage of one of the centric interlocked rings 
would leave the other with the acentric still interlocked. The 
presence of an acentric ring interlocked around a centric ring 
might cause difficulty during the early cleavage divisions; if 
such were the case, the occasional loss of an X chromosome 
during cleavage would give rise to gynandromorphs. These 
do not seem to occur with any unusual frequency in these 
experiments. 

Sister-strand crossing over. Another aspect of this pro- 
duction of the nullo-X eggs, and, consequently, patroclinous 
males in those cases where the double bridge does not break 
is of some interest. These bridges are like those which would 
arise from a single sister-strand crossover (or an odd number 
of such) in a ring chromosome. This similarity is more than 
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generic: both the tandem ring and the tandem metacentric 
compound have been derived ultimately from single ring 
chromosomes and the double-strand second anaphase bridges 
from these compounds must be structurally very similar to 
the bridges which would be produced by sister-strand crossing 
over in those single rings. In fact, the centromere regions and 
adjacent heterochromatin should be identical in the two cases. 

The frequency of patroclinous males from females hetero- 
zygous for a ring chromosome is of interest once again, 
since, if sister-strand crossing over were occurring in the 
ring, one would expect an increment of patroclinous males 
from this source. It will be recalled, however, that the ordi- 
nary ring heterozygote produces a deficiency of patroclinous 
males; this observation had led to the experiments on sym- 
metrical and asymmetrical first anaphase bridges. The ring- 
rod heterozygote experiment may be modified slightly in a 
way suggested by L. V. Morgan (’33), who first checked for 
an excessive loss of the X* ring by sister-strand crossing 
over. If an inversion is inserted into one of the two homologs, 
the products of normal crossing over will be less frequent, 
providing the better opportunity to observe any effects of 
sister exchange, if it should occur. The inversion used here 
was In(1)AB, and the parental males were marked so that 
patroclinous males could be detected. The maternal X chro- 
mosomes recovered in the F, were as follows: 12,487 non- 
crossover rod chromosomes, 11,499 noncrossover ring chro- 
mosomes, 47 double crossover rods, 19 double crossover rings, 
and 396 nullo-X (patroclinous males). Thus it can be seen 
that the maximum loss of ring chromosomes by sister-strand 
crossing over is about 3.2% (396/12,487), and this figure must 
include patroclinous males arising by primary nondisjunc- 
tion, and also from the usual types of anaphase bridges. 

This argument against the occurrence of sister-strand 
crossing over in the single ring of Drosophila does not, how- 
ever, extend to the results from the tandem ring chromosome. 
The modification of Belling’s theory of crossing over sug- 
gested by Weinstein (736), by Lindegren and Lindegren (737), 
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and by Schwartz (’53b), according to which only two of the 
four chromatids take part in exchange initially with sister ex- 
change later randomizing the regions of exchange among all 
four chromatids, leads to expectations somewhat different 
from those given by the standard analysis followed here, 
specifically, a decreased recovery of double rings and an ex- 
cess of nullo-X-nullo-Y eggs. The data from the tandem ring 
do, in fact show a deficiency of double rings and an excess of 
exceptional patroclinous males. Unfortunately, since these 
discrepancies may also be attributed to other factors (the 
level of crossing over is indeterminable in this case because 
of the absence of heterozygous markers, the viability of the 
tandem ring is open to suspicion, nonrandom disjunction ap- 
pears to be occurring and altering the simple expectations 
on any hypothesis) an unequivocal answer must await the 
analysis of additional compound rings. 


CONCLUSIONS 


The reality of the spindle body and its role in chromosome 
movement during mitosis of most plant and animal cells seems 
established beyond any reasonable doubt (Schrader, 753; 
Mazia and Dan, ’52). That the chromosomes themselves may 
make a contribution to the chromosomal fiber, suggested as 
early as the latter part of the last century, and elaborated in 
detail by Belar, is supported by the birefringence studies of 
Schmitt, and of Swann. Detailed reviews of the evidences 
are found in the works of Schrader (’53) and Swann (752). 
Recently, Rhoades (’52) has described the formation in certain 
strains of maize of supernumerary chromosomal fibers at lo- 
calized regions (neocentromeres) on the chromosome. This 
strongly suggests a contribution of the chromosomes them- 
selves to the fibers; the genetic data from experiments on the 
behavior of anaphase bridges and on chromosome loss are 
consistent with this possibility. Indeed, they appear to be 
difficult to explain on any other basis. 

It has been shown genetically that dicentrics may differ 
from one another at first anaphase of meiosis and these dif- 
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ferences depend on the origin of the centromere and ad- 
jacent heterochromatic regions. That these results may be 
ascribed to varying levels of ‘‘strength’’ of the centromere, 
simple and convenient for the purpose of description, implies 
a fundamental difference in the nature of centromere regions 
of various origins, but, as was pointed out in detail in the 
text, it is not possible from the data now available to make 
a distinction between the contribution of the centromere itself 
and that of the adjacent heterochromatin, since all centro- 
meres of the so-called strong variety are ultimately derived 
from the Y chromosome along with some indeterminate 
amount of Y chromosome material. 

The possibility that such differences might originate in some 
segment of the chromosome other than the centromere is 
supported by the mentioned work of Rhoades on neocentro- 
meres and is suggested also by the observations on meiotic 
loss of unpaired chromosomes in Drosophila by Sandler and 
Braver (’54), who found that, in general, univalents are lost 
with an appreciable frequency, as they are in plants, but that 
the attached-X chromosome behaves normally both with and 
without a homolog. Therefore, it can be surmised that the 
composition of the chromosome itself, independent of the 
presence of a homolog, must play some part in determining 
normal movement during the meiotic divisions, and that the 
two arms of this chromosome make the same contribution 
to fiber formation that they would make if they were present 
separately as two homologous chromosomes. 

The production of lethal zygotes by certain kinds of first 
and second anaphase bridges, and not by others, can be at- 
tributed to the resistance of the chromatid to fracture when 
subjected to forces of varying degrees. The recovery of the 
theoretically expected number of nullo-X eggs from inversion 
heterozygotes involving X chromosomes, the halving of this 
number when one of the chromosomes in the heterozygote 
is replaced by a derivative of an attached-X chromosome, 
and the virtual elimination of this class when both chromo- 
somes are of this latter type form a consistent picture based 
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on the crude mechanical analogy of a tug of war. This is 
reinforced by the data from the compound X chromosomes 
on second anaphase bridges from which it seems clear that two 
sister centromeres opposing each other can fracture either 
a single chromatid, or two if they are unequal in length, but 
not two identical chromatids simultaneously. 

The evidence that the tandem compound ring chromosome 
does not regularly become involved in complex interlocks by 
crossing over cannot be considered absolutely conclusive, yet 
it is obvious that the simplest interpretation of the experi- 
mental results is that the chromatids fall free of each other 
(except, of course, at the centromere region) prior to ana- 
phase. It would be tempting to invoke here the explanation 
advanced by Matsuura (740) that this is accomplished by sep- 
aration of chromatids by matrix formation, were it not for the 
necessity, then, of implying the free occurrence of sister- 
strand crossing over meiotically in Drosophila. The evidence 
against this seems quite definite, although it might be, that 
for ring chromosomes, the separation is of a sort that de- 
mands even numbers of sister exchanges, which would be 
genetically undetectable by the usual tests. If this is true, 
then it is clear that for some unknown reason the simple 
ring chromosomes in Drosophila behave quite differently 
from those in maize where Schwartz (’53a) has reported a 
high frequency of double second anaphase bridges originat- 
ing, presumably, by sister-strand crossing over in a ring 
chromosome. 

DISCUSSION 

Atrwoop: Cases where you had an excess of single rings 
arising according to the various explanations that you gave 
would be reflected in an exactly complementary increase of 
inviable zygotes. Di@ you check this? 

Novitsx1: This is not an easy thing to test, for the simple 
reason that in an attached-X kind of setup at least 50% of 
the zygotes are inviable. The accuracy with which any fre- 
quency of zygote mortality above and beyond this might be 
determined is so low that it does not appear to be worth 
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while to try to get information in this particular way. We have 
made egg counts; the results are extremely variable from one 
female to the next. This, in combination with a rather low 
fecundity of compound ring-bearing females, forced us to 
abandon this approach. 

Atrwoop: Are you giving the frequency of excess single 
rings with respect to the total or only the viable zygotes? 

Novrrskt: It is with respect to the total because at first 
division there is separation of the compound from its homo- 
log, and, if we mark the homolog so that we can count the 
number of products of meiosis receiving it, we know that an 
equal number of products should get the compound or some 
crossover derivative of it, as the single rings, dicentries, and 
things of that sort. So we have a very accurate way of de- 
termining the total number of eggs that should have received 
an X chromosome or some derivative of it, with an accuracy 
that probably far exceeds anything that we might get by 
making egg counts. 
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STUDIES ON CROSSING OVER IN MAIZE 
AND DROSOPHILA ! 
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FOUR FIGURES 


It is a general thesis in genetics as well as most other 
sciences in the biological field that the study of the abnormal 
is a most fruitful approach by which to gain insight and 
knowledge into the behavior of the normal. This is especially 
true in the study of chromosome mechanics such as duplication 
and crossing over. This paper will deal with some aspects of 
the problem of chromosome recombination as determined from 
a study of ring chromosomes in maize and attached-X chromo- 
somes in Drosophila melanogaster. 

Unfortunately, most of the ring chromosomes which have 
been found in maize are quite small, being deficient for a large 
portion of the rod chromosomes from which they were derived. 
Consequently, they usually occur in trisomic plants which in 
addition to the ring also carry two normal rod chromosomes. 
Under these conditions they behave as univalents and show 
little or no association with the homologous rod chromosomes. 

In 1947 a program was launched to induce and isolate ring 
chromosomes in maize. The procedure followed was to ir- 
radiate normal pollen which was used to fertilize plants 
heterozygous for white or luteus. In this way it was possible 
to select ring-bearing plants as seedlings in the F,. Instability 
of ring chromosomes results in the loss or change in the ring 
size. thus seedlings which had obtained the recessive chloro- 
phyll gene through the egg and a ring chromosome through 
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Fig. 1 Anaphase configurations resulting from crossing over between the ring 
and its homologous rod chromosome. 
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the pollen would be mosaic for green and white or luteus 
tissue. Root-tip sections were examined to verify the presence 
of a ring chromosome in the striped plants. One of the 
rings thus isolated involved almost the whole of chromosome 6, 
the nucleolar organizer chromosome. One of the breaks had 
occurred near the tip of the long arm, and the other in the 
strand connecting the satellite with the nucleolar organizer. 

The ring is deficient for only a small part of the normal 
chromosome, and gametes which carry the ring in addition 
to the other nine chromosomes are viable. Pachytene con- 
figurations of ring-rod heterozygotes show close pairing be- 
tween these two chromosomes throughout most of their length. 


TABLE 1 


Meiotic anaphase configurations observed in plants heterozygous for 
a ring and a rod 


ANAPHASE I ANAPHASE II (DAUGHTER CELL PAIRS) 
Single Double No Single Double No 
bridge bridge bridge Total bridge bridge _ bridge Total 
Number 368 81 171 620 166 47 262 475 
Percentage 59 13 28 100 35 10 55 100 


Single and double bridges are frequently found in both 
anaphase I and anaphase II. These result from crossing 
over between the ring and the rod (fig. 1). 

As is evident from this figure, the type II 3-strand double 
and the 4-strand double crossovers result in anaphase con- 
figurations which can readily be distinguished, i.e., single 
bridges in anaphase II and double bridges in anaphase I. 
A study was therefore initiated to determine the relative 
frequencies of these anaphase configurations as a method 
of directly testing for chromatid interference. In the absence 
of any such interference, the two configurations should occur 
with equal frequencies. An excess of double bridges in 
anaphase I would indicate chromatid interference. 

The results of these experiments are described in detail 
in a previous publication (Schwartz, ’53). The data (table 1) 
showed approximately three times as many single bridges 
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in anaphase II as double bridges in anaphase I. Superficially, 
this would appear to indicate a negative chromatid inter- 
ference. However, it was possible to rule this out as the 
agent responsible for the excess of single bridges in anaphase 
Fi: 

The discrepancy in the frequencies of the bridge configura- 
tions can be accounted for if we postulate the occurrence of 
sister-strand crossing over. Such a form of crossing over 
has never really been ruled out. The homozygosis studies 
with attached-X chromosomes in Drosophila melanogaster 
merely indicated that if sister-strand crossing over occurs 
it is of a type which does not show the phenomenon of 
chiasma interference with nonsister-strand crossing over be- 
tween homologous chromosomes (Beadle and Emerson, "3D ) 

The involvement of sister-strand crossing over does not af- 
fect the frequencies of anaphase configurations resulting from 
the various classes of double crossovers. These configurations, 
i.e., no bridge anaphase I and II, single bridge anaphase I 
only, single bridge anaphases I and II, and double bridge 
anaphase I would occur in a 1:1:1:1 ratio (in the absence of 
chromatid interference) regardless of the frequency of sister- 
strand crossing over per bivalent. However, a single cross- 
over between the ring and the rod associated with a sister- 
strand exchange between the ring chromatids, changes the 
resulting anaphase configuration from a single bridge in 
anaphase I only to a single bridge in anaphases I and IT. This 
is shown in figure 2. In other words, the excess of single 
bridges in anaphase II can be accounted for by sister-strand 
crossing over in bivalents which had a single nonsister-strand 
exchange. 

From the data it is not possible to establish the frequency 
of such sister-strand exchanges. All that can be concluded 
is that the frequency must be high enough for there to be an 
equal probability of an odd or an even number occurring in 
the ring. An even number would cancel one another out and 
give the same result as that obtained without any sister-strand 
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crossovers. An odd number would in effect behave as if a 
single exchange had occurred. 

If 50% of the bivalents had an effective sister-strand ex- 
change in the ring, it was calculated that 29.5% anaphase 
II single bridges would be expected: 35% were found. The 
difference is not statistically significant. 

Added support for the assumption of sister-strand crossing 
over comes from the anaphase II dicentric rings (double 
bridges). These configurations cannot arise as a result of 
single or double exchanges between the homologous chromo- 
somes. They result from sister-strand exchanges between 
the ring chromatids in noncrossover and 2-strand double 
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Fig. 2 Anaphase configurations resulting from a single crossover associated 
with a sister-strand exchange between the ring chromatids. 


crossover bivalents. Ten per cent dicentric rings were ob- 
served in anaphase IJ. On the assumption of an equal pro- 
bability of an odd or even number of sister exchanges, 14% 
would be expected. The difference between the calculated 
and observed frequencies is not significant. 

In view of the evidence presented for sister-strand crossing 
over, it is desirable to reconsider the problem of the mechanism 
of crossing over between homologous chromosomes. The dif- 
ficulties presented by Darlington’s torsion hypothesis have 
been enumerated a number of times. In fact, any hypothesis 
which postulates that crossing over occurs through breakage 
and reunion following duplication of the chromosomes into 
chromatids is in serious difficulty. It requires that a break in 
one chromatid should cause a break to oceur in exactly the 
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same position in a chromatid from the homologous chromo- 
some. However, the localization of the crossovers at identical 
loci offers no difficulty if it is postulated that crossing over 
is the result of an exchange between the new chromatids 
during the process of their formation as was proposed by 
Belling (’31). Such crossing over will result only in the 2- 
strand double type of multiple crossovers and requires ex- 
changes between sister chromatids to explain the 3- and 
4-strand multiple crossover classes (Lindegren and Lin- 
degren, ’37). Two crossovers between homologous chromo- 
somes will give rise to a 2-strand double exchange. A 
sister-strand crossover in one of the chromosomes in the region 
between the two chiasma will result in a 3-strand double. A 
sister-strand exchange in each of the homologous chromosomes 
will result in four single exchange chromatids, a 4-strand 
double. If the frequency of sister-strand exchanges is high, 
and there is an equal probability of an even or odd number 
occurring in this region, the four double crossover classes 
would appear in a 1:1:1:1 ratio. 

A study of somatic crossing over in attached-X chromosomes 
was undertaken since there is normally little or no sister- 
strand crossing over in somatie cells of Drosophila melanogas- 
ter. This is shown by studies on the stability of ring 
chromosomes in this tissue (Battacharya, ’50; Brown and 
Hannah, 752). The instability associated with such exchanges 
results from the formation of dicentric rings. 

In the absence of sister-strand crossing over, only 2-strand 
double crossovers would be expected on the hypothesis that 
crossing over between homologous chromosomes is limited 
to the newly formed chromatids. Double somatic crossovers 
are not very frequent, but by using attached-X chromosomes 
it is possible to determine from single exchanges which 
strands are involved, i.e., whether or not chromatids which 
are not attached to a common centromere are involved in 
crossing over. A more detailed description of these experi- 
ments is presented in an earlier publication (Schwartz, 54). 


CROSSING OVER ayer 


Attached-X flies heterozygous for y and sn*, with the 
mutants on opposite chromosome arms, were used in this 
study. These are the same markers which Stern used in his 
classical study of somatic crossing over between free-X 
chromosomes. Scoring was limited to twin spots of yellow and 
singed tissue since this is the only class of spotting which 
can only result from somatic crossing over. Spots of yellow or 
singed alone can also arise from mutation or chromosome 
breakage and loss. 

Heterozygous attached-X females of the constitution Hw 
y sn*-sn y* Hw* were mated to M-5 males. By scoring only 
those offspring which were hairy wing, non-yellow, and non- 
singed it was possible to limit the scoring to flies of the 
genotypes y sn*-sn* yt, y sn-snt yt, and y sn*-sn yt. Only 
the last of these can give twin spots through crossing over and 
is of the desired genotype. Since it was not possible to dis- 
tinguish between these three classes without progeny tests, 
a correction factor was needed to correct for those flies in the 
scored population which could not give twin spots. 

The relative frequencies of these three genotypes in the 
population were determined from table 2 of the Beadle and 
Emerson paper (’35). They used the markers scute and cut 
which are in approximately the same positions as yellow and 
singed (sc and y are both at 0.0, ct is at 20.0, and su is at 21.0). 
From this table it was calculated that 76.5% of the flies scored 
were of the desired constitution. 

Stern (’36) found that twin spots arise from crossing over 
in heterozygous flies carrying two free-X chromosomes. With 
free-X’s twin spots can result from crossing over between any 
of the chromatids, depending on the type of segregation (X or 
7 — see Stern, 36). However, with attached-X chromosomes 
twin spots can result only from crossing over between a new 
and an old strand (fig. 3A). If crossing over occurs at 
random between any of the four chromatids twin spots should 
result. On the other hand, if crossing over is limited to the 
new chromatids no twin spots should be found (fig. 3B). 
Twin spotting in the attached-X flies might be expected to 
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be even more frequent than in free-X females since the attach- 
ment of the chromosomes at one end could make for closer 
somatic pairing. The data are shown in table 2 (lines 1 and 2). 
The autosomal minute, /(3)y, was used to increase the somatic 
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Fig. 3 Diagrammatic representation of the results of somatic crossing over 
in attached-X chromosomes. Broken lines represent the new chromatids. (A) and 
(B) not associated and (C) associated with a sister-strand exchange. 
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crossover frequency. It is readily apparent from this table 
that the frequency of twin spotting in the attached-X material 
is extremely low as compared to that obtained when the same 
markers were used in free-X chromosomes. This indicates 
that crossing over between homologous chromosomes in at- 
tached-X’s is limited to the newly formed chromatids. The 
few cases of twin spots observed in the attached-X experiments 
could be caused either by a low frequency of sister-strand 
crossing over (to be discussed) or by a breakdown of the 
attached-X’s followed by somatic crossing over. 

Brown and Hannah (’52) have reported that aging of 
females as virgins before mating was responsible for a high 
degree of instability, in the offspring, of ring chromosomes 


TABLE 2 


Frequency of twin spotting in females heterozygous for y and sn 
(mutant genes located in opposite chromosome arms) 


TOTAL FLIES CORRECTED * NUMBER OF PERCHNTAGE OF 
SCORED TOTAL TWIN SPOTS TWIN SPOTS 
1. Attached-X 1360 1041 8 0.77 
2. Attached-X (aged) 926 709 48 6.77 
3. Free-X 376 53 14.09 
* See text. 


in somatic tissue of Drosophila melanogaster. One hypothesis 
proposed to explain this effect was that aging increased the 
frequency of sister-strand crossing over. On the basis of 
this report the effect of aging on twin spotting in attached-X 
flies was studied. 

On the hypothesis that crossing over between homologous 
chromosomes is limited to the new chromatids, twin spotting 
should result if in addition sister-strand crossing over occurs. 
A crossover between the new chromatids associated with a 
proximal sister-strand exchange will result in a twin spot 
(fig. 3C). However, if crossing over occurs at random be- 
tween any of the four chromatids, the frequency | of twin 
spotting should not be altered by sister-strand crossing over. 
A sister exchange will cause a twin spot to be formed when 
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associated with a crossover between chromatids which are 
attached to a common centromere, but conversely, only wild- 
type tissue will result when the exchange is associated with a 
crossover between chromatids which are attached to different 
centromeres. The results of the aging experiments are given 
in line 3 of table 2. Aging was responsible for an 8.7-fold 
inerease in twin spotting in attached-X flies. That the effect 
of aging was not to cause an over-all increase in the amount 
of somatic crossing over is evident from the fact that no 
difference was observed in the frequency of twin spotting in 
the free-X females from aged and unaged mothers. 

The results of these experiments suggest that chromosome 
duplication involves the formation of a new chromatid on a 
template provided by the parent chromosome. If duplication 
involved the splitting of a double-sized chromosome into two 
equal chromatids, both of these should have been equally 
capable of participating in nonsister-strand crossing over. 
These experiments further suggest that somatic crossing over 
is limited to exchanges between the new chromatids. It is 
proposed that meiotic crossing over involves both exchanges 
between the newly formed chromatids and between sister 
chromatids. 

To date, all the studies relating to the mechanism of cross- 
ing over have been most indirect. From genetic and cytological 
recombination studies we have attempted to draw conclusions 
as to the behavior of an entity about which we know very 
little. What is a chromosome? We can describe it quite well 
from a genetic or cytological point of view. However, this 
is not enough if we are concerned with such problems as the 
mechanism of chromosome replication and recombination. 
Critical studies of these processes will be possible only when 
more information is available on the molecular structure of 
the chromosome. 

It is for this reason that the work of Watson and Crick 
(’53a, b, c) on the structure of deoxyribonucleic acid (DNA) 
and its possible relation to the gene is so exciting. Here is 
a model for a gene. Can we now go one step further and 
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tie this gene in with the chromosome in such a fashion as 
to fit the cytogenetic picture of chromosome mechanics ? 

I should like to present a cytologist’s attempt to construct a 
model of the chromosome based on the Watson-Crick model 
for DNA. I fully realize that this is in the realm of pure 


Fig. 4 A schematic diagram of the duplication of the proposed model of a 
chromosome. The solid ribbons represent the old and the crosshatched ribbons 
the new DNA molecules. The completely unshaded ribbons are proteins. 


speculation. However, I believe that such attempts are im- 
portant and should be made, since the Watson-Crick DNA 
model is of little value to the cytogeneticist unless it can be 
incorporated into a chromosome. 

The proposed model of the chromosome is diagramed in 
figure 4A. The chromosome is considered as being composed 
of alternate sections of protein and DNA linked up in the 
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fashion indicated in the figure. The DNA structure as shown 
is that proposed by Watson and Crick except that the strands 
at one end are bonded together. In other words, the Watson- 
Crick model is considered as being a single strand which is 
coiled back on itself forming a doubled structure. This is 
essential for chromosome continuity. The width of the chromo- 
some is thus equal to the length of the DNA molecule, and 
is hence in the range of microscopic visibility. At this point 
the DNA is plectonemically coiled in a right-handed direction 
and the protein is uncoiled. 

The first stage in the duplication and separation of the 
chromosome is the duplication of the DNA (fig. 4B). The 
protein is still single. The original hydrogen bonds are broken 
and reformed in the new DNA molecules as described by 
Watson and Crick. The two models are still right-handedly 
plectonemically coiled around each other. 

The next step involves the coiling of the protein in a left- 
handed direction. This will cause the two DNA models to 
uncoil, still keeping the coiled doubled structure of each model 
intact (fig. 4C). At this point the protein is duplicated (fig. 
4D). Since the original protein strand was left-handedly 
coiled, the two strands after duplication will be plectonemically 
coiled in a left-handed direction. Separation is facilitated 
since the left-handed coils in the protein will compensate for 
the right-handed coils in the DNA. The uncoiling of the 
protein will uncoil the two DNA strands and each of these 
will coil back on itself as is shown in figure 4H. At the com- 
pletion of this process we are back to the point at which 
we started except that there are now two separate chromo- 
somes (fig. 4). One is the intact old and the other the new. 
According to the model, crossing over will result when ad- 
jacent new DNA molecules, one from each of the homologous 
paired chromosomes, are linked together by the new protein 
strand. 

It should be noted that it is not necessary to assume a 
template mechanism for the duplication of the interstitial 
protein, nor is it necessary to have different specificities or 
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any linear differentiation in the protein itself. That is, the 
same protein could be inserted at all levels along the chromo- 
some, and could be synthesized somewhere else in the cell. 
This removes the objection that proteins are not supposed 
to have self-replicative properties. 

In conclusion, this model represents an attempt to construct 
a chromosome composed of protein and DNA (based on the 
Watson-Crick model) in such a fashion that duplication and 
separation can be accomplished without the chromosome being 
broken up into many small fragments. 


DISCUSSION 


Crick: As I understand Dr. Schwartz’ structure, one of 
its features is that when the new protein strand is made it 
has to be coiled plectonemically in the opposite sense to the 
DNA. It seems to me that unless the net number of plectonemic 
terms (summed, taking account of sign, for all parts of the 
structure) is zero, the two parts of the structure cannot come 
apart unless of course there is further untwisting of the two 
ends. 

Scuwartz: This model requires a correlation between the 
number of coils in the DNA and in the protein-connecting 
strands. In other words, the amount of coiling in the protein 
is conditioned by the coiling present in the adjacent DNA 
molecules. This could be accomplished by having the two 
DNA models uncoil during the process of their duplication, 
thus putting left-handed coils in the connecting protein 
strands. Many such modifications of this system are possible 
without changing the basic concept of the model. 

Crick: I would just make the point that it is not struc- 
turally plausible to add two extra polynucleotide chains to the 
present DNA model, as shown in Dr. Schwartz’ slide, though 
it is just possible that the same effect could be gotten in 
some slightly different way. The point about our DNA model 
is that it is a fairly precise one. We really have no comparable 
model for the protein part of nucleoprotein. 
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In general, I think it is true to say that, chemically, it is 
quite easy to conceive of protein branching. The reason is 
that some of the side chains of the protein are such that they 
can easily tack onto the main chain. On the other hand, 
DNA is a structure which one thinks would have very con- 
siderable difficulty in branching. 

It does seem to me that one of the most striking facts of 
genetics is that there is little or no branching of the chromo- 
somes. This could be due to biological reasons, but I would 
have thought it had a molecular basis. This would suggest 
to me that the molecular basis of the chromosome must be 
one long, unbranched chain; and there are chemical reasons — 
I wouldn’t say good, but fairly good ones —for pointing a 
finger at DNA if one has to look for someting of that sort. 

So I think there is a certain small amount of evidence in 
favor of models in which the DNA runs continuously, or 
potentially can run continuously, right through from one end 
to the other. This leads us immediately into very great 
difficulties in unwinding such a structure. I think the an- 
swer will be in some sort of breaks, which was mentioned 
earlier. In my opinion, one of the most fruitful lines of re- 
search is to study whether breaks occur in the isolated material, 
and also whether they occur in intact biological material. 

Another general point is that one is appalled at one’s lack 
of knowledge immediately upon getting onto a slightly larger 
scale — there is obviously structure in the chromosome on 
this scale, and there is protein associated with this structure. 
T would very much like to know what the molecular structure 
looks like at a resolution of, let’s say, 100 A. I think the 
electron microscopy of chromosome structures is being neg- 
lected and perhaps might be taken up again. 

Whether, from the purely genetic side, the formal schemes 
which have been proposed will give any information about 
the molecular structure, i.e., whether the two will tie up, 
is very difficult to say. As I understand it, there is no really 
agreed formal scheme. If I ask a geneticist what it is that 
I have to explain, I find I do not get a clear answer. It is 
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difficult, therefore, to try to make a synthesis at this par- 
ticular stage, although one is certainly tempted to try. 

Sturtevant: I share with Dr. Novitski the dislike of having 
the Drosophila ring specified as an unusual one. I gather, 
Dr. Schwartz, that your ring was selected in the first instance 
because of its instability —I think that in Drosophila it 
would be possible to select an unstable one. I would suggest 
that perhaps yours is the unusual type of ring. 

I would also like to inquire whether, in the comparison of 
the twin spot frequencies for the free X’s and the attached 
X’s, you took into account Y chromosome? Did they differ with 
respect to the Y chromosomes present? 

Scuwartz: The free-X females did not carry a Y chromo- 
some; the attached-X females did. However, Stern has shown 
that the effect of the Y is to increase somatic crossing over 
rather than decrease it. 

Leperserc: I suppose all of us are troubled by the problem 
of breakage, especially simultaneous breakage of two chroma- 
tids, in crossing-over theories and for this reason are in- 
terested in alternative proposals. But is that not the mecha- 
nism you propose for sister-strand crossing over, or do you 
have something else in mind? Am I right that the theory 
still calls for a breakage for the sister strands and a new 
mechanism for the homologous strands? There is still a 
physical breakage? 

Scuwartz: It is impossible to explain 3- and 4-strand 
doubles on any hypothesis without breakage of one or both 
of the parental strands. The difficulty lies in the localization 
of the breaks at identical loci in the chromatids involved in 
a crossover. Going back to the model, one can get around 
this difficulty by assuming that sister-strand crossing over oc- 
curs at the stage when the DNA is doubled but the protein is 
still single. If a break occurs at the point of connection of 
the protein and the DNA, and the protein strand then re- 
joins with the other (new) DNA molecule, a sister-strand 


exchange will result. 
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Gan: . You have objected that the Belling hypothesis does 
not permit 3- and 4-strand double exchanges. In his 1933 paper, 
Belling himself shows how these could occur. I wonder if your 
results could be explained by assuming a rotation of the 
cleavage plane between chiasmata. In that case you would 
need to postulate no breakage at all. 

Scuwartz: This is essentially a sister-strand exchange. 
My objection to this hypothesis is that it assumes that 
chromosome duplication involves the splitting of a double-size 
chromosome rather than the formation of a new chromatid 
on a template mechanism. I feel that the evidence presented 
here on somatic crossing over rules this out. 

Suuut: In the rod-to-ring synapsis, the evidence for sister- 
strand exchange rests on the high frequency of double bridges 
observed at anaphase II. It was assumed by Dr. Schwartz 
that these were formed by ring-to-ring sister-strand exchanges 
in spite of the fact that they might be explained equally well 
on the basis of nonsister exchanges. 

For example, one-sixteenth of the triple crossovers will 
produce a double bridge at anaphase II. However, as the 
number of crossovers is increased, the expected frequency of 
double-bridge formation approaches one-twelfth, thus reducing 
the significance attached to the observed frequency. For this 
reason, in the absence of precise knowledge concerning the 
average number of crossovers occurring over the entire length 
of the chromosome per meiosis, it is impossible to draw any 
conclusion regarding the amount of sister-strand exchange. 

Scuwartz: Five exchanges per bivalent are required be- 
fore the frequency of AIT double bridges becomes one-twelfth, 
in the absence of sister-strand crossing over. Crossing-over 
frequencies of this order are much too high for maize and do 
not agree with the rest of the data. It was the combination 
of both a high frequency of double bridges in AIT and the 
excess of single AII over double AT bridges which forced the 
conclusion that sister-strand exchanges must be involved. 

Guass: I am rather troubled by your postulate of an 
equal probability of a sister-strand exchange occurring or 
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not occurring in the region between the nonsister exchanges. 
This seems to me not to be plausible in terms of conventional 
ideas of interference between exchanges, for it disregards the 
fact that ordinary exchanges exhibit interference inversely 
as the distance between the exchange points. Consequently, 
I would expect that sister-strand exchanges would vary in 
probability with the extent of the distance between the non- 
sister chiasmata, i.e., would be more likely to occur if the dis- 
tance was great and less likely if the distance was small. This 
would, in fact, follow even if there was no interference at all, 
but simply a probability of exchange proportional to chromo- 
somal length. How then can you postulate that there will be 
‘fequal probability of a sister-strand exchange occurring or 
not occurring in this region,’’ irrespective of the length of the 
region? That would imply some very special and fancy 
mechanisms. 

Scuwarrz: If the number of sister-strand exchanges per 
chromosome is high and they show a Poisson distribution, 
an equal probability of an odd or even number of sister-strand 
exchanges between the chiasma would be expected except for 
the very small regions. Any region having a mean of two or 
more sister-strand exchanges per chromosome should show 
about an equal probability of an odd or even number of 
exchanges and hence no chromatid interference. For the small 
regions having a mean number of less than 1 or 2, there would 
be an excess of the even number of exchanges, and thus an 
excess of 2-strand doubles would be expected. The attached-X 
studies in Drosophila seem to bear this out. 
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CROSSOVER VARIABILITY AND INDUCED 
CROSSING OVER?! 


MAURICE WHITTINGHILL 
Department of Zoology, University of North Carolina, Chapel Hill 


SEVEN FIGURES 


A distinction has been indicated in the title between cross- 
overs and crossing over. The former may be observed directly 
as the recombination fraction of the offspring, whereas the 
latter is a process resulting in exchange between homologs. 
Crossing over is always an inference from the breeding data. 
In much of the early work in genetics the assumption has 
been made that recovered crossovers arise independently of 
one another. However, a large body of data reveals a variable 
relation between the products and the process of crossing over. 
The variability in data on spontaneous as well as on induced 
recombination values in Drosophila may be explained by as- 
suming the occurrence of a small amount of gonial crossing 
over. 

One of the first environmental-genetic interactions to be 
discovered was the effect of high or low temperatures of long 
duration on recombination values (Plough, ’17). Since that 
time other agents, such as ionizing irradiation and certain 
chemicals, have been found to affect recombination and muta- 
tion rates and to alter phenotypic expression. These three 
phenomena are not always easy for the experimenter to sort 
out, one from another. 

The main problem of this paper is the identification of the 
mechanism and location of induced crossing over, dependence 
being primarily on genetic data from Drosophila, since cyto- 

2 This work was supported in part by research contract number AT—(40—-1)-1091 
between the University of North Carolina and the U.S. Atomie Energy Commission, 
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logical studies in this organism are difficult. Furthermore, 
Cooper (’49) has pointed out a significant lack of correlation 
between chiasmata in untreated Drosophila males and genetic 
recombination. Hence there seems to be a three-way hiatus 
in cytogenetics. One chiasma does not correspond to one 
crossing over; and one crossing over does not delimit the 
number of descendant crossover chromosomes classified at 
some later time. Hence the crossover data cannot be used 
with confidence to predict what frequency of chiasmata might 
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OOCYTES 
Fig. 1 Three ways of obtaining a given recombination value by different 
amounts and kinds of crossing over. 
R = Random meiotic > 3/20 
G = Gonial (mitotic) — 3/20 
C = Conditioned meiotic — 3/20 


be observable. The question is raised here as to whether the 
Drosophila results do or do not apply to other organisms. 
Figure 1 illustrates various ways in which crossing over may 
occur, and it will be shown that two of them are not confirmed 
by critical data on crossover distributions in Drosophila. 

If a body of testcross data consists of a recombination frac- 
tion, e.g., 15%, at least three modes of origin may be inferred. 
The simplest and oldest assumption is that crossing over 
occurred in six or so primary odcytes independently of each 
other. Such random meiotic crossing over in some section 
of the chromosome of moderate length might be represented 
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as occurring in the large oédcytes marked R (in figure 1). For 
this sample of random and independent crossovers the cal- 
culation of a sampling error of 8% would be correct. Random 
meiotic crossing over would perhaps remain the only assump- 
tion considered today, but for certain evidence from irradi- 
ated Drosophila presented or reviewed in this paper. 

A second way of obtaining the same recombination fre- 
quency, 15%, involves three steps. (1) In some gonial cell, 
G (see figure 1), a chromosome might be weakened -at a cer- 
tain point, either by irradiation or spontaneously. (2) This 
chromosome and its weak point might be multiplied and 
handed on to a small or large number of primary gametocytes. 
(3) During meiosis each of the chromosome tetrads from 
the common source in cell G might undergo crossing over at 
the weakened point while no gametocytes would form other 
crossovers. This possible sequence may be named ‘‘ conditioned 
crossing over,’’ meaning gonial predisposition to subsequent 
meiotic exchanges in identical regions. It could as easily 
provide a sample of 3/20 crossovers as 0/20 crossovers, de- 
pending on the occurrence or nonoccurrence of weakening 
in cell G. Therefore, the appropriate standard error would 
be larger than that previously stated for three crossovers 
formed independently in a sample of twenty. 

A third possible inference of the origin of the same 15% 
sample of recombinations is the induction and completion of 
crossing over in just one gonial cell. From the one gonial 
cell, G in figure 1, crossover chromosomes would pass to the 
cells, C, to half of the sperm or eggs. Thus gonial cross- 
ing over would produce a nonrandom distribution of cross- 
over progeny similar to ‘‘conditioned meiotic crossing over,”’ 
a distribution which could fluctuate widely depending on the 
amount of gonial multiplication. If a different cell had been 
the site of gonial conditioning, or of completed crossing over, 
a much larger or a much smaller number of recombinations 
would have been expected in the test cross data. 

Although superficially alike in their nonrandom total fre- 
quencies, gonial crossing over and gonial conditioning may 
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be separated by comparison of the pairs of complementary 
classes. Complementary classes would be as equal after con- 
ditioned meiotic as after random meiotic exchanges; but 
complementary classes could vary tremendously whenever 
crossover chromatids segregate in gonial cells which then 
divide many times. 

Consideration of the problem will proceed from its general 
to its special aspects. The best known situation is the change 
in the amount of crossovers from irradiated normal Dro- 
sophila females, from which it has frequently been inferred 
that irradiation increases or decreases crossing over at meiosis 
depending on proximity to or distance from the centromere. 
The second group of experiments will deal almost entirely 
with induced recombination, by use of specimens where spon- 
taneous crossing over is naturally rare or is inhibited by 
inversions. The third group of experiments will involve 
lethals opposite isogenic wild chromosomes in order to dis- 
criminate between conditioned meiotic crossing over and 
completed gonial crossing over. Models for gonial crossing 
over and subsequent multiplication of crossover and non- 
crossover chromosomes may be found in somatic twin spots 
as analyzed by Stern (’36) and by Brink and Nilan (’52). 


CHANGES IN RECOMBINATIONS FOLLOWING IRRADIATION 
OF HETEROZYGOUS ‘‘RUCUCA’’ FEMALES 

Mavor and Svenson (’24a,b) found that irradiation in- 
creased recombination values in chromosome 2, but not in 
the parts of the X chromosome far removed from the spindle 
attachment (Mavor, ’23). Muller (’25) demonstrated that X 
irradiation affected recombination frequencies differentially 
along the long autosomes in Drosophila females, the greatest 
increase being at the centromere. Plough (’24), using y rays 
of radium, found alteration of linkage values similar to those 
reported by Mavor and Svenson for X rays. Whittinghill 
(751), using Co® y rays, obtained results which are plotted 
in figure 2. 
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The third chromosome multiple recessive stock ‘‘rucuca”’ 
(ru, roughowd; h, hairy; th, thread; st, scarlet; cu, curled; 
sr, stripe; e*, sooty; ca, claret) was used; figure 2 gives loci 
on the standard chromosome map. Sampling variation is 
indicated by the vertical width of each black band, which 
represents one standard error of the ratio of the difference 
between the crossover values of treated and control series. 
The increase in the spindle attachment region, st to cu, was 
24 times the control value for that region. Near this the in- 
creases were less pronounced, but the cw to sr region also 
showed significantly more crossovers from the y-irradiated 
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Fig. 2 Ratio of recombination values from irradiated and from control females, 
for 20 days of breeding after treatment of adult Drosophila melanogaster females 
with 4000 r vy rays at 8.33 r/min. 


females. The next most distal regions in each chromosome 
arm did not show significant changes; but the terminal regions 
showed less recombination in the y-irradiated series than did 
the control series; and the depression in the ru to h region 
was statistically significant, as computed on the assumption 
of completely random meiotic exchanges. The alterations in 
the irradiated series are thus graded from a maximum in- 
crease at the spindle region to normal or subnormal in the 
most distal regions of the chromosome. This pattern of change 
had previously been observed following other treatments and 
was named by Kikkawa (’34) ‘‘the proximal increase and 
compensatory distal decrease.’’? Although the evidence from 
whole experiments followed this pattern, there seemed to be 
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some nonrandom distributions from family to family as have 
already been discussed (Whittinghill, 51). These slightly 
nonrandom crossover variations from ordinary females may 
perhaps be explained by the study of crossover induction in 
other material where the background of spontaneous crossing 
over is low or absent. Experiments with Drosophila males, 
or with females homozygous for the asynaptic factor ¢c3G 
(Whittinghill, 37, 38) or with females heterozygous for in- 
versions which effectively eliminate most normal crossovers 
are useful for further studies. 


NONRANDOM RECOMBINATIONS INDUCED 
BY IRRADIATION 


The first published data to be attributed to spermatogonial 
crossing over were the highly nonrandom recombinants in 
experiments by Friesen (’36). Table 1 contains a rearranged 
summary of his testcrosses of 60 X-irradiated males. Ten 
to sixteen days after treatment, when recombinations were 
at a maximum following a 4000-r dose, the males produced 
18,152 testcross offspring. Crossovers comprised 3.2% of 
these, but they were concentrated in a few families. Forty- 
four families contained no crossovers, although they had 
the majority of the offspring. Five families containing one to 
five crossovers have been grouped, and they, not surprisingly, 
show a low frequency of recombinants. Those with more 
than five have been presented individually, arranged in in- 
creasing order of numbers of crossovers produced. Recom- 
binants were 13, 14, 16, 22, 27, and 48% in these six families 
of the fifty-six fertile males in spite of the low over-all ex- 
pectation of 3%. Within the families shown here, it will be 
noted that the crossovers most often resulted from exchange 
in a preferred region, usually between st and cu, but also 
between ru and h or between sr and e* in some families within 
the grouped data. Occasionally a male produced crossovers 
showing that single exchanges had taken place in more than 
one region. 
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By contrast with these males, normal crossing over in a 
heterozygous rucuca female having several hundred offspring 
would form recombinations involving crossing over in all 
regions, with the possible exception of the shortest th-st 


TABLE 1 


Offspring from sixty Drosophila males testcrossed 10-16 days after X irradiation. 
(Data of Friesen, ’36, table 1, rearranged) 


FAMILIES NONCROSSOVERS CROSSOVER FLIES ne 
1-44 14,084 None 0 
3 PU 

1 h th st cu sr e* ca 
: 1 meh th st 
is oe 5 CusT e° ca 0.7 
1 ru h th st cu sr 
2 CF ca 
50 391 il cw sr e® ca 2.7 
bet 23 ru h th st Ae 
- a5 14 cu sr e® ca . 
32 ru h thst 
52 a 16 cu sr e* ca ou 
‘ 49 ru h th st 99.0 
soe ae 37 Cw, sf 6° ca : 
50 ru h th st 
ee id 42 cu sr eF ca 27.0 
49 ru h th st 
55 505 47 cu sr e° ca 16.0 
120 ru h th st 
56 236 105 cu sr e* ca 48.0 
Total 18,152 608 3.2 


region. Furthermore, some of these offspring from normal 
females would be double, triple, and perhaps quadruple cross- 
overs. Thus this sample of Friesen’s data, which is confirmed 
by other data some of which will be cited, is only remotely 
like meiotic crossing over and resembles what would be ex- 
pected from rare gonial crossing over or else from the rare 
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weakening of a gonial chromosome in some one region. Frie- 
sen’s data as published come just short of allowing a test 
for this distinction. For instance, additional information 
could be used on the remaining flies of the family which had 
eleven cu sr e® ca flies and none of the complementary class, 
or on the 32:16 distribution. 

If crossing over occurs only at meiosis, the recovery of 
crossover strands would represent a series of 1-strand sam- 
ples from different crossover tetrads, and the numbers of 
complementaries within families should be distributed as 
randomly as are males and females within sibships. Gonial 
crossing over resulting in the inclusion of complementary 
crossover chromosomes in different daughter cells might re- 
sult in clusters in which the two complementary classes dif- 
fered greatly in size, if the rate of multiplication of the two 
daughter cells should differ. A distinction may be made by 
summarizing the ratios from each family. 

The data from the large crossover producers of the pre- 
vious experiment have been combined with data from a similar 
and larger experiment of Friesen’s (36), and the pairs of 
complementary crossovers have been arranged in table 2 from 
most probable to least probable. In this presentation equality 
of recovery has been assumed. Although there is evidence 
from Friesen’s total of 747: 556 that the ru h th st class sur- 
vives better than its complementary, calculation of proba- 
bilities of deviating as far or farther from a 57: 43 expectation 
merely changes the order of a few of these pairs of classes 
but still leave an excess of improbable families. Sufficient 
viability data for classes resulting from the less numerous 
crossovers away from the spindle attachment were not avail- 
able from Friesen’s experiment, so again the probability of 
each sampling deviation has been calculated from an expec- 
tation of 50:50. This was an added reason for presenting 
P for the spindle region on the same basis. 

In ranking samples from closest to poorest fit, as in table 2, 
it would be expected, by definition, that half of the entries 
would lie above the 50% probability level and half below it. 
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However, the median for the twenty pairs of complementary 
crossovers for the spindle region is near the 10% level. There 
are more ratios below the 1% level than there are above the 
50% level. In the more distal regions combined there is also 
an excess of complementaries which would be unlikely on the 
basis of late recombination. The median of eleven clusters 
of distal crossovers is below the 1% probability level. 


TABLE 2 


Numbers of flies in complementary crossover classes compared with 
50:50 expectation. (Data from Friesen, ’36, tables 1 and 2) 


ru h th st: cu sr es ca OTHER PAIRS P 
13:12 49:47 1.00 
4:4 
2:3 3:5 
Medians 
3:5 2:4 <—————__ 0.40 
expected 
50:42 
4:8 
120:105 
190:166 
0.20 
49 337 
23:14 
Risa) Se i 0.10 
82:59 Median 
19:35 
32:16 0:7 
163 :122 31:14 
0.01 
62:30 41:77 <——Median 
43:17 0:9 
0:11 57:20 
0:21 0:18 
0:32 27:0 


140:28 27:201 
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The one-sided ratios do not appear to be due to viability 
differences, but rather to a mechanism readily producing wide 
dispersions. The extreme ratios in the bottom parts of each 
column of table 2 favor one class as often as the other com- 
plementary class. Thus these X-ray-induced recombinations 
are genuinely nonrandom in respect to complementary classes 
as well as being agglutinated as to region of the chromosome 
and family of origin. Although meiosis could only remotely 
produce such a distribution as that in table 2, a simple ex- 
planation is available, i.e., that only thirty-one occurrences 
of crossing over produced over two thousand recombination 
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STANDARD RECOMBINATION FREQUENCY 
AND DISTRIBUTION MAP IN FEMALES 


Fig. 3 Comparison of the gonial map based on data from irradiated males 
with the standard female map of the third chromosome of Drosophila melanogaster. 


offspring confined to thirty-one ‘‘spots’’ as to familial and 
regional location. 

With such conservative estimates the distribution along 
the chromosome of the minimum diagnosed crossings over 
in the male may be compared with the distribution of spon- 
taneous recombination eges of Drosophila females. Figure 3 
contains such a comparison. 

The spermatogonial map has been constructed from the 
data of Friesen (’36) and Whittinghill (’47, ’48), where a 
minimum of 189 occurrences of crossing over are necessary 
to account for the crossover distribution found. The infer- 
ence of thirty-one of these emerges directly from table 2. It 
should be noted that the spermatogonial map does not repre- 
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sent frequency but only the spatial distribution of those rare 
crossings over which result from irradiation. Almost half 
of the total spermatogonial crossings over occurred in the 
st-cu (centromere) region, a region with less than 6% recom- 
bination in the female. It will be recalled that this region is 
also the one in which is found the greatest increase in cross- 
over values in irradiated females. 

When the distribution of recovered crossover chromosomes 
Was examined in the same data, 70% of all induced crossover 
offspring were found to be recombinations for the spindle 
attachment region. Data of Parker (’48) also show 60-70% 
of observed recombinations localized in the spindle attach- 
ment region. It is possible that a similar distribution of 
odgonially produced crossovers may have been added to spon- 
taneous meiotic crossovers in females to produce the changes 
in total crossovers of all kinds, as refiected in figure 2. 

Some y-ray experiments on males of Drosophila differed 
from those heretofore performed. A crossover selector tech- 
nique (Whittinghill, 50) used linked recessive lethals in such 
a way that all noncrossover zygotes would die (table 3). Only 
one of the two complementary classes resulting from crossing 
over in the male would regularly survive. This allows testing 
of environmental agents for ability to induce crossing over 
in males. It is possible to see if there is a random or a 
clustered familial distribution, but a comparison of comple- 
mentary classes cannot be made. 

In the y-ray experiment each irradiated My GIl/Sb ba? 
male was placed with several My Sb/GI ba” females in a 
separate vial. These flies were transferred to fresh vials, and 
additional females were added on the sixth, tenth, and six- 
teenth days. The first two sets of vials had very few offspring 
seattered among the families, and the phenotypes of these 
early survivors indicated spontaneous crossing over in the 
short flanking regions of the untreated females. After the 
tenth day from irradiation, some of the males produced a 
few more live offspring, which usually indicated crossing over 
in the spindle attachment region of the y-irradiated fathers. 
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These crossover sperm had fertilized eggs of the various 
kinds in the proportions expected from the standard map 
distances, so that rough estimates of the total numbers of 
eggs laid could be made as described in an earlier publication 
(Whittinghill, 751). 

For the present purposes, the distribution of crossovers 
per family is of interest (table 4). There were fifty-nine 


TABLE 3 


Genotypes of surviving adults from the lethal system of crossover-selector matings: 


MM Sb My Gl 
z females by treated z males 
Gl ba? Sb bx? 
SPERMS 
EGGS: Noncrossovers Crossovers, 
FREQUENCY AND KIND c if any 
0.50— 0.50— 
My Gl Sb ba? My GI Sb ba? + 
0.41 My Sb My Sb/+ 
0.41 Gl ba? Gl ba? /+ 
0.08 My ba? My ba?/+ 
0.08 Gl Sb Gl Sb/+ 
All these combinations die except — 
0.006 My Gl ba? My Gl be?/+ 
0.006 Sb My Gl/Sb Sb/+ 
0.003 My Sb ba? and My Sb ba?/+ 
0.003 Gl GI/Sb ba? GI/+ 
Fate of zygotes, 
by sperm classes 0.994 die 0.997 die All die All survive, if 
formed. 


fertile males of suitable constitution, fertile to the extent of 
producing larvae. In the vast majority of families these larvae 
never gave rise to adult flies because of the linkage arrange- 
ment of some of the later-acting lethals. If any male did have 
crossovers, he seemed able to have many about as easily as 
few recombination offspring. Thus the fourteen responding 
males had crossovers to the number of 1, 2, 4, 6, 7, 9, 12, and 
21. This was a non-Poisson spread, whereas their females 
were having spontaneous crossovers mostly 1, 2, or 3 per 
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group of females, a distribution which remains in accord with 
meiotic expectation. 

Thus y rays as well as X rays have produced crossovers 
in Drosophila males where none are expected spontaneously. 
Their distribution has been so nonrandom that they may be 
attributed to gonial crossing over. However, the question 
remains whether X and y rays and other inducing agents act 
the same way in females as they do in males. This problem 
has been investigated by using females which do not without 
treatment produce any appreciable number of crossovers. 


TABLE 4 


Total numbers of fertile matings producing 0, 1, 2, or more live adults. 
Single My Gl+-+/+-+ Sb bax? males irradiated with 4000 r of y rays were mated 
to many My + Sb +/+ Gl + bx? (or to My ++ ba?/+ Gl Sb +) females. 


All live offspring are crossovers in this system of mating. 


SOURCE OF TOTAL CROSSOVERS PER SINGLE MALE TESTED TOTAL FERTILE 
CROSSOVERS 0 1 2 3 4 & 6 7 8 9 12 21 FAMILIES 
Induced in males in 
region 2 Ape tee ee eed 59 
Spontaneous in 
females in 
region 1 46 15 5 = = ee 66 
region 3 49° 13°93, 1° Ste SF 66 


* Represents one family omitted from the table which had 5 offspring classified 
as My Gl Sb ba and 20 classified as My Gl Sb +, which could represent region 
1-3 double crossovers and region 1 singles, respectively. 


Earlier experiments of the author (’38) on crossing over in 
the sex chromosomes of c3G asynaptic females indicated the 
existence of odgonial crossing over, but later experiments on 
structurally heterozygous females have provided more ade- 
quate data. 

The next experiments will be described in more detail. 
Females of the constitution *Z,7 7/4 were used because of 
the presence of the Cy 2L and Cy 2R inversions and their 
visible dominant markers. Each female and her mates were 
kept in separate bottles and transferred at intervals of 2 
days through a total of five cultures, and the offspring from 
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the separate cultures were scored independently. In this and 
one other experiment the culture bottles were given code 
numbers, so that the experimenter who was looking for cross- 
overs would not be influenced by knowledge of what kind 
of crossovers, if any, might already have been produced 
earlier by the same parent. 

In the control series of eighteen females, less than 1% of 
crossovers were produced spontaneously (fig. 4, lower right 
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Fig. 4 Recombination values in consecutive testerosses of 28 S Pfd/Cy tt L* 
females X irradiated (2250r) as virgin adults and of eighteen unirradiated 
controls. 


scale). Surprisingly, these occurred in the first 4 days of 
egg laying and then almost disappeared from among the 
eges of females 7-11 days old. This decrease parallels the 
known age effect of decreasing crossover values during the 
first week of life of young females as described by Bridges 
(727) and Bergner (’28). The spontaneous crossovers not 
only fell off to zero during the same times as the age effect 
is usually expressed, but they were highly nonrandom. A 
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probability of only 6x 107 has been computed for the 
chance distribution of these spontaneous recombinations to 
the individual families and regions (Whittinghill and Hinton, 
00). These contro] data suggest that if spontaneous crossing 
over produced clusters of crossovers in inversion females, 
it may also be producing clustered recombinants from ordi- 
nary females. If so, this might be the explanation of the 
high variability from family to family described by Gowen 
in 1919. 

The experiment in which X rays were used has been pub- 
lished by Hinton and Whittinghill (50). Females X-rayed 
as young imagoes with 2250 r were transferred every 2 days 
for as long as they lived. At all times the recombination 
values in the X-rayed series were above those measured in 
the controls, and all of the increases were significant except 
in the first 2-day period. However, in spite of any increases 
in sampling error owing to mitotic multiplication of cross- 
overs, there can be no question of some increase in recom- 
binants following irradiation, since all of the eight crossover 
values beginning 4 days after X irradiation were above the 
five control values. 

The peak of crossovers appearing in figure 4 is representa- 
tive. It comes 5-7 days after irradiation, which is ix general 
agreement with other induction experiments on females be- 
ginning with the early work of Plough (717). The first inter- 
pretation suggested by this delay of 5 or more days before 
the laying of the eggs in which crossover values increased 
was that crossing over did not take place in the second 
maturation division but earlier, presumably in the first divi- 
sion. Soon it was recognized (Plough, ’24) that the increase 
was initiated still earlier, i.e., in gonial cells. Such an inter- 
pretation is in keeping with the long-continued high cross- 
over values found after the peak of recombination recovery 
as in figure 4. These same data may be analyzed to see whether 
they may readily have resulted from meiotic crossing over 
following X-ray treatment. If they did, they should be ran- 
domly distributed as to families. If the crossovers were not 
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random, then the earlier statements of Plough about a gonial 
effect would be confirmed. 

The data of the same X-ray experiment are arranged to 
show family variability in table 5. The families of sizes from 
556 to 199 are listed individually, but the smaller ones have 
been combined. A x2 test for homogeneity showed that the 
sums of the classes below 199 offspring did not differ signifi- 
cantly from the sums of the larger classes, yet a mere inspec- 


TABLE 5 
Testcross families from STE 
X-irradiated (2250 r) one Cy lt ae Lt fonates 
CROSSOVERS 
gene 3 Region 1 + Region 2 
Slt LA Cy Pfd SL Cy It Pfd 
( 556 13 7 - 0 1 double 0 
491 5 Uf 6 5 
477 if 1 — 1; 5 
Individual J 296 9 10 Both high 4 2 
families | 288 5 2 5 2 
258 1 af Both low 1 0 
201 3 0 2 2 
L199 8 2 <_ 0 ak 
> 20 smallest 
families 9538 17 14 16 5 
Total 3719 62 44 46 22 
Reeombination 2.85 + 0.28% 1.83 + 0.22% 


tion of individual families reveals many examples of wide 
deviations from the over-all. For instance, the largest family 
had many crossovers, but all 20 were in region 1, between Cy 
and lt. The third family had almost as many, but mostly in 
the other region, 17:2. The fourth family, although much 
smaller than those mentioned, had a high number of cross- 
overs in the first region and an average number in the second, 
or a 19 to 6 distribution between regions. The sixth family, 
which was of about the same size as the preceding, had un- 
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usually few crossovers in each region, a total of only three 
flies. The eighth family had a high value in the first region, 
but a low frequency in the second, in the ratio of 10:1. Such 
an uneven response would seem to rule out any interchromo- 
somal influence of inversions, which might be present in some 
I’, flies but not in others. Lack of an even increase simul- 
taneously in both adjacent regions indicates some gonial in- 
fluence to explain the hitting or missing of a particular region 
in a particular parent. 

The test for homogeneity between the group of smaller 
families and the combined larger ones deserves additional 
comment. A x? test within the eight largest families shows a 
very significant lack of homogeneity. Yet when these were 
taken as a group, the group was not significantly different 
from the group of smaller families. Thus homogeneity has 
been artificially created by the lumping of data from the 
eight families, and that homogeneity was built up in respect 
to total crossovers, in respect to regions of exchange, and 
in respect to complementary classes. This illustration of 
crossovers averaging out may explain our past fauure to 
recognize products of gonial crossing over as such in ordinary 
Drosophila females. Perhaps in other organisnis gonial clus- 
ters average out and thus escape notice there also. 

This X-ray experiment has been confirmed by another very 
similar study with y rays performed at Oak Ridge National 
Laboratory by the author at the same time that Hinton was 
doing the X-ray experiments in Chapel Hill; the two were 
complementary in that the crossover phenotypes of one test 
were the noncrossovers of the other. This allowed an ex- 
ternal check on viability differences, if any had been encount- 
ered in the gross data of either experiment. Table 6 is 
condensed from the published account of this y-ray experiment 
(Whittinghill, 751). 

The crossovers found after an exposure of pupae and young 
virgin adults to 4123 r of y rays showed widely fluctuating 
frequencies of recombinants from family to family. Table 6 
shows families individually down to size 180, together with 
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the contributions to x. There is less than a 2% chance that 
independently formed crossovers would vary this far or 
farther from expectation. The high x’ came chiefly from the 
second and third largest families. In addition to the compu- 
tations, an excess number of six crossovers appeared in a 
small family of 45 flies, and the family of 596 with a reasonable 
total frequency of recombination had the unusual distribution 
of 16:4 between complementary crossover classes. Since 
neither of these last two facts has contributed as such to the 


TABLE 6 
Testcross families from eggs laid 5-21 days after y-ray dose 
8 + + L* 
of 4128 r to Sa females 
+ Cy Pfd ae 
FAMILY ‘ OUNCES 4 D2/E 
Sue S Pfd: Oy L' Total 
596 16:4% 20 0.246 
554 11:13 24 3.409 
Radia 424 1:2 3 7.408 
families Be 2:9 4 0.457 
458 2:4 6? \ 
> 7 smallest 0.352 
families 263 1:4 5 J 
Total 2068 33:29 62 11.872 
3% Recombination 4 D.F. P< 0.02 


* Other unusual distributions not influencing this x? calculation. 


high x2, the likelihood of this distribution having resulted 
entirely from meiotic exchange is much lower than the 2% 
shown in table 6. 

If none of the six irradiation experiments and one control 
series seem to be within limits of expectation based on inde- 
pendence of crossing over in meiosis, the question must be 
faced as to whether the nonrandomness results from (1) 
gonial crossing over or (2) gonial conditioning of chromo- 
somes the descendants of which will cross over at the same 


region as each one undergoes meiosis. These are alternatives 
G and C of figure 1. 
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GONIAL CROSSING OVER VERSUS DELAYED CROSSING 
OVER OF DAMAGED CHROMOSOMES 
Reference to figure 5 will show several features of gonial 
crossing over not imitated in meiosis. Gonial er ossing over 
and case II segregation may initiate sectors of genotypically 
and phenotypically opposite cells. Then these sister cells 
homozygous for contrasting genes may multiply unequally 
for either of two reasons. Chance alone may determine that 


CHROMOSOMAL EVENTS CASE I Case IL 
A TYPICAL CHIASMA ALTERNATE 
IN SOME GONIAL CELL RESULTS 
OF 
K INETOCHORES 
, : ASSORTING 
aa EQUATIONALLY A' aa! 


SUBSEQUENT MITOTIC ( 
MULTIPLICATION OF 
DAUGHTER CELLS 


CHROMOSOMES IN 
VARIOUS GONIA, 
THENCE IN OOCYTES 
SARS bale 
CONDITION OF UNALTERED, 100% CROSS- 50% CROSSOVERS, ALL 
MEIOTIC PAIRS HETEROZYGOUS OVERS HOMOZYGOUS DISTALLY 
BEFORE NORMAL HETEROZYGOUS 


CROSSING OVER 
Fig. 5 Changes produced by gonial crossing over in the genotypes of certain 
germ cells before meiosis. 


one of them produces more generations of gonial cells than 
the other; or genes affecting the viability of cells may deter 
the growth of one sector without in any way retarding the 
formation of germ cells by the other sector. Hither agency 
could alter the proportions of complementary crossovers 
recovered in the next generation. Concurrently, noncross- 
overs would be affected to the extent that they come from 
the cell which had undergone gonial crossing over. Neither 
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of these effects would result from the weakening of a chro- 
mosome without gonial crossing over. Thus a distinction 
may be discerned between the two mechanisms of formation 
of the nonrandom crossovers already described. Comple- 
mentary crossovers resulting entirely from conditioned mei- 
otic (or from any meiotic) exchanges would have a random 
binomial distribution around a 1:1 ratio, or around some 
other ratio if larval viability differences favor one class. By 
contrast, the complementary products from gonial crossing 
over would have wider spreads around the obtained mean. 
The wider spread of gonially formed crossovers would go 
both ways if chance determined the more productive sector, 
but experiments in which lethal genes were used could be 
set up to favor deviations in one direction only. 

The types of experiments which can be diagnostic are those 
in which deleterious or lethal genes enter the F, generation 
from one parent, whereas a lethal-free chromosome comes 
in from the other P,. Hence an isogenic wild stock was ob- 
tained by procedures which are standard for Drosophila, and 
it was mated in several experiments to stocks which contained 
one or more genes with recessive lethal action. In such ex- 
periments it may be predicted from figure 5 that the loss of 
one kind of crossover will be matched by the loss of a speci- 
fiable noncrossover. Hence a decision between gonial con- 
ditioning and gonial completion of crossing over may be made 
on the basis of inequalities between complementary crossovers 
and between complementary noncrossovers. 

The first experiments were on flies which were heterozygous 
for the Cy L* balancer chromosome opposite an isogenic and 
therefore lethal-free second chromosome. F, females were 
bred and transferred at 4-day intervals; their sibling F, 
males were remated to suitable recessives every 4 days for 
five successive breeding periods. Various doses of X rays 
were given to the treated series before the young adults were 
testcrossed. The first cultures from each F, were discarded, 
and classifications were made of the second, third, fourth, 
and fifth bottles. This embraced the period when the maximum 
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increases in recovered crossovers were to be expected. Figure 
6 shows a comparison of changes in recombination values 
with changes in noncrossover distributions. These should 
be independent if all crossing over were delayed until meiosis. 
However, they would show an interaction following gonial 
crossing over and mitotic segregation as in case II. The data 
from cultures 2, 3, 4, and 5 are shown following each of the 
four total dosages. The larger diamonds signify the larger 
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Fig. 6 Nonecrossover segregation in relation to induced crossovers from X-ir- 
radiated Cy lt L*/+ Drosophila melanogaster. 


standard errors resulting from small families and larger 
percentages. The smaller diamonds represent smaller sam- 
pling errors. The solid diamonds denote the fifth cultures, 
by which time the four treatment series converged. In the 
4000-r series it will be seen that substantial frequencies of 
crossovers were found in cultures 2 through 5 without any 
significant change from equality among the remaining non- 
crossovers. That this is not surprising will be explained 


later. 
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With intermediate dosages, correlated shifts of wild non- 
crossovers and both crossovers were noted. The 3000-r series 
data increased to peaks of crossovers and of wild noncross- 
overs in culture 3, decreased in both respects in culture 4, 
and finished in fair agreement with the other cultures 5. 
Similar correlation of total crossovers with wild noncross- 
overs appeared from the 2000-r treated females. Both were 
low in cultures 2 and 5, and both were high in cultures 3 and 4. 

In the 1500-r series greater increases than expected were 
found among the noncrossovers. In view of the relatively 
smaller frequency of crossovers at this low dose, such a large 
increase in wild types from the control values up to 56.5 and 
56.6% and then back to normal suggests some physiological 
effect, as opposed to the cytogenetic effects which were under 
deliberate consideration. No further explanation is available 
at this time. 

The lack of a change among the noncrossovers after high 
dosage may be explained by remembering that a large number 
of new lethals are induced by a 4000-r treatment. Whenever 
these might be cell-lethals induced in the chromosome which 
was from the isogenic wild stock, that chromosome would 
lose its former viability advantage in sectors of the ovary 
becoming homozygous for it. Hence it might be eliminated, 
either by death or by retarded growth of its sector, about as 
readily as its homolog would be selected against. Thus it 
would be expected that a high proportion of the crossovers 
recovered from this radiation dosage would have come from 
crossovers segregating heterozygously as in case I of figure 
0, and a low proportion from case IT segregations. This, 
incidentally, might operate in any experiment designed to 
study a possible linear relation between ionization dose and 
recovered recombinations. 

A final. experiment was particularly conclusive as to the 
relation of recovered crossovers and extra noncrossovers of 
the wild class. The irradiated specimens were males from a 
different mutant stock, in which induction of crossovers was 
not as easy as in the previous experiments. Such differences 
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in susceptibility to crossover induction have been described 
before (Whittinghill, 37). Not only did hybrids from various 
stocks differ, but reciprocal matings of the same stocks re- 
vealed a maternal effect in their frequency of crossover pro- 
duction by high temperatures. 

The genotype of the irradiated males is given in table 7. 
Inversions were present in both arms of the Cy chromosome, 
which were presumed to carry many other lethals besides the 
known lethal giant larvae ;. It may be noted in the table that 
no appreciable rise in the crossover frequency was found 
before the seventh day and that a maximum of only 3% was 


TABLE 7 


Yestcross offspring of 19 Igl* Cy cn* sp/isogenic wild males given 30007 dose of 
X rays as young adults and mated to five successive groups of en bw sp females 


PERCENTAGE 


payor NONCROSSOVERS CROSSOVERS ee eccron ial ot 
ek ep en Cy mae OTAL CROSSOVERS AMONG NON- 
aL 1477 1411 0 2 2,890 0.07 48.9 + 0.93 

4 596 568 1 1 1.166 ORT 48.7 + 1.46 

7 472 481 4 2 959 0.63 507 221,62 

10 1829 1833 12 40 3,714 1.40 50.1 = 0.82 
13 2743 2914 99 78 5,834 3.03 Ol.4.== 0:65 
Total, oily 7207 116 123 14,563 1.64 50.3 + 0.41 


realized in the offspring from zygotes formed 13-18 days 
after X irradiation. When crossovers were increasing, the 
wilds among the remainder were also increasing, from 48.9 
to 51.4%. Although these two values alone are not signifi- 
cantly different, it may be shown that the last matings were 
significantly higher than the mean of the first four. Similarly, 
the entire body of data may be split between the second and 
third matings, or between the third and fourth, and each 
calculation shows that the later matings had significantly 
more wild types than the earlier matings. Such increases 
in two of the four kinds of offspring with increasing time 
after X irradiation were even more extreme in one of the 
nineteen families included in this table. Yet even without 


212 MAURICE WHITTINGHILL 


this best example there was a fairly steady increase of cross- 
overs and of the noncrossover wilds in the remaining eighteen 
families. Hence, a special consideration of one family should 
be considered illustrative and without unwarranted bias. 
Table 8 summarizes the offspring of the male which pro- 
duced crossovers most extensively. The table shows that the 
wild-type noncrossovers had no original advantage over the 
Cy cn sp but that later they gained one. The gain accompanied 
the arrival of induced crossovers, and it was accentuated when 
only one class of crossovers, Cy, remained. In fact, the excess 
of wild noncrossovers (267 — 130137) about equalled the 
one class of crossovers, 132 Cy, in the final days of breeding. 


TABLE 8 
Advent of inequality of complementary classes 


Broods of male number 213 following 3000 r of X rays administered at 35°C. 


PERIODS OF TOTAL NONCROSSOVERS CROSSOVERS PERCENTAGE + 
TESTOROSSING OFFSPRING Gyienap 4.44 Gis ee eee ae eae 
Ist to 10th days 297 165 132 0 0 44.4 + 2.89 
10th to 29th days 808 299 373 98 38 54.6 + 1.75 3 
29th to 37th days 529 130 267 132 0 62.9 + 2.10 * 
Totals 1634 594 772 230 38 3268 arms 


* Wild types significantly above Mendelian expectation of 50%, and above actual 
mean of the whole experiment for 25 days, 50.3 + 0.41%. 


The computation of percentage of wild chromosome arms in- 
cludes all offspring this time and not merely the noncross- 
overs, thus indicating an increased transmission of wild-type 
genes and a decreased inheritance of lethals. 

Reference to table 9 will show that the excess of wild-type 
offspring was closely matched by the number of induced ecross- 
overs. There would have been no matching if crossing over 
had taken place in hundreds of primary spermatocytes. How- 
ever, the hypothesis of gonial crossing over in one or two 
cells may be used to predict the number of wild-type flies 
starting from the other three classes. If 206 Cy en sp flies 
were recovered in the testcrosses, approximately another 206 
wild flies would be expected from the unaltered part of the 
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testis. If 193 Cy crossovers were recovered following the 
maturation divisions, a sample of the same size would be 
expected containing whatever chromosome had been paired 
with the Cy up until meiosis. Such another chromosome would 
certainly not be cn sp, which is too sparsely represented in 
the data, nor could it be the Cy cn sp noncrossover for the 
Same reason and because of suspicion of the cell lethality of 
the homozygous inversions carrying cn? and sp; hence the 
contribution of about 193 more wilds to that noncrossover 
class is predicted. The sum of these two predictions for 
wilds is now close enough to the actual figure to be within 


TABLE 9 


Prediction of the numbers of wild-type offspring on the basis of the other classes 
and twin-spot mosaicism through spermatogonial crossing over. Data from all test 
crosses of male 213 between 18 and 37 days after irradiation. (Total offspring, 
$25.) 


NONCROSSOVERS CROSSOVERS 
“Oy cn sp 44+ Cy ++ +en sp 
Types obtained 206 413 193 13 
from normal sector 206 206 
from Cy sector 193 193 
from cn sp sector 13 iN} 
Wilds predicted 412 


the range of normal sampling. If in addition the 15 cn sp 
are considered, they may be paired with any other class with- 
out spoiling the prediction. Ideally, they may be supposed 
to have been paired with the isogenic wild chromosome, and 
so some 13 more flies of the wild phenotype may be predicted. 
The sum of these estimates is 412 flies; the number obtained 
was 413. Thus it would seem that in this family segregation 
was of the type by which twin spots of partially homozygous 
tissues were formed in the testis. It further appears that 
wild-type chromosomes multiplied readily but that the lethal- 
bearing Igl Cy cn? sp chromosome was often killed off by 


distal homozygosis before gametogenesis. 
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The two hypotheses may be compared in a detailed ex- 
amination of the entire breeding period of this male (fig. (fix 
The expectations are (1) equality of noncrossovers follow- 
ing meiotic crossing over, and (2) equality of wild noncross- 
overs with the sum of all remaining classes following gonial 
crossing over and case II segregation. The differences are 
expressed in numbers of testcross offspring. Standard errors 
above and below the obtained difference on the meiotic hy- 
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Fig. 7 Differences between wild noncrossovers and other testcross offspring 


of lgl Cy en? sp/-++ male number 213 from successive matings and transfers. 


pothesis are drawn in. It will be seen that from the eighteenth 
day onward through four different periods of breeding the 
wild class was significantly more numerous than its comple- 
mentary noncrossover class. The excesses were 45, 25, 121, 
and 16 flies. However, these flies, which are too numerous on 
the hypothesis of meiotic crossing over, are fairly well matched 
by crossover classes. A regrouping of the data on the assump- 
tion of a gonial origin for all crossovers would compare all 
wild types with all crossovers plus the other noncrossover 
class. The differences within this comparison are slightly 
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above or slightly below the zero line. Their standard errors 
have been omitted for clarity, but they are almost as large 
or are larger than the actual differences. Because of this 
agreement with the second hypothesis it may be concluded 
that the gametes used after the eighteenth day contained 
descendants of chromosomes which were surely in gonial cells 
at the time of irradiation. The stage of the germ line being 
sampled is indicated crudely in figure 7; evidence from other 
experiments would indicate that cells irradiated as spermato- 
gonia have given rise to functional sperm by the tenth day. 


DISCUSSION 


Both y and X rays affect crossing over in both sexes of 
Drosophila, giving increases in the centromere regions of 
females and inducing crossing over chiefly in the same regions 
in males. The work with induced crossing over has not yet 
gone far enough to detect any differences, if they be slight 
ones, between y- and X-ray treatments or between ionizing 
radiations and thermal effects. Much of the difficulty of mak- 
ing the comparison, and in attempting studies of the relation 
of dosage to effect, lies in lack of knowledge of how to deal 
with the variable percentages of recombination caused by 
uneven multiplication of one or both crossover chromosomes 
after the actual event of crossing over. 

It cannot be decided whether the mode of induction in nor- 
mal females is the same as in normal Drosophila males, but 
the rare crossovers from female inversion heterozygotes sug- 
gest that the mechanism may be the same. Knowledge of 
high variability in normal females and demonstration of a 
nonrandom age effect in the Cy inversion females confirm 
the suggestion that crossing over in the germ line is not 
limited to the first meiotic division. Inspection of the male 
data, and of certain experiments with females point clearly 
to the initiation and completion of crossing over in sper- 
matogonial and even in odgonial cells. Because of this com- 
pletion of the exchange, it is possible to demonstrate selection 
against lethals before germ cell formation, so that gametic 
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ratios for the favored class rise significantly above the Men- 
delian expectation of 50%. 

The Drosophila work has several implications for other 
organisms. If the action of ionizing radiation is entirely 
gonial, alterations in crossover values may be impossible 
in some other forms, such as Neurospora, in which no diploid 
nuclei precede the primary gametocyte stage. Where somatic 
twin spots are known, such as in maize, induced recombina- 
tions might be possible in the clustered manner of Drosophila. 
If, on the other hand, some of the crossing over induced in 
Drosophila is meiotic in origin, then Neurospora and a wider 
variety of plants and animals might respond to the action of 
inducing agents. 

The fact that lethal genes may be selected against before 
gametogenesis may have had evolutionary importance to 
Drosophila. With such selection in operation, the species 
may have been able to tolerate a slightly higher mutation 
rate than organisms in which partial homozygosis in the 
germ line did not intervene before gamete formation. It has 
long been suggested that the mutation rate for Drosophila 
may be higher than average. If the contribution of gonial 
crossing over to evolution in the genus Drosophila should be 
established as an important one, in the elimination of any 
substantial number of lethal alleles, the use of radiation for 
this kind of improvement of some other organisms of eco- 
nomic importance might be indicated. 


SUMMARY 


1. X and y rays are able to induce crossing over where it 
does not occur spontaneously, in Drosophila males, and to 
increase crossover production by Drosophila females of widely 
different constitutions. In both respects these agents parallel 
the effects of high temperature treatments. 

2. The inductions in males and the increases in females 
show similarities as to time of appearance of crossovers, 
region of the chromosome usually affected, and lack of 
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randomness. These induced recombination offspring are non- 
random as to families, nonrandom as to regions within fami- 
lies, and often nonrandom as to complementary classes within 
a region. 

3. Spontaneous crossovers occurring early from Cy L* fe- 
males also show nonrandom distributions and therefore indi- 
cate a possible gonial influence in structurally homozygous 
females. 

4. Correlated recoveries of one crossover and of a lethal- 
free noncrossover chromosome establish the fact that the 
process of crossing over may be stimulated and completed in 
a few cells long before meiosis. 

5. Implications of gonial crossing over for Drosophila 
and possibly for other organisms have been raised. 


DISCUSSION 


Meyer: We recently found ultraviolet to be capable of 
inducing crossing over in the male germ line. The preferred 
regions for this type of crossing over likewise seem to be 
those near the centromere. Since we treat the pole cells of 
the embryos, we recover clusters of identical crossover re- 
combinants among the offspring, in most cases, and conclude 
that crossing over took place in immature germ cells long 
before meiosis. 

WuirtineHitt: There might also be some delayed cross- 
ing over at meiosis, and it is difficult, as I have shown, to 
distinguish it from early completed crossing over. 

Atrwoop: Do you take for granted that these exchanges 
are exactly homologous, or do you have some actual evidence? 

WuuittincHILL: In some experiments (Whittinghill, ’37) 
IT have tested the viability of these by getting the crossover 
strand in homozygous condition without further crossing over. 
In the vast majority of these tests the homozygotes survived ; 
and therefore we have concluded that these were typical 
crossover exchanges. 

Arwoop: The distribution of exchange regions looks much 
more like a break-frequency map than a linkage map. The 
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regional distribution when the crossing over is increased by 
Minutes is not the same as when it is increased by X rays. 
These exchanges could perhaps be thought of as translocations 
between homologous arms, with breaks usually close together 
in the heterochromatic region. With this kind of transloca- 
tion, no single gamete can simultaneously carry both of the 
reciprocal exchange products. This means that the cases 
where the breaks are far enough apart to give inviable de- 
ficiencies or duplications are effectively screened out by the 
time the exchange individuals are recovered. Thus the eri- 
terion of fertility of the supposed crossover flies is not sufh- 
cient to rule out a translocation mechanism for the exchanges. 
Normal salivaries might be a good criterion, but a large series 
would have to be examined because only those duplications 
and deficiencies which are in euchromatin would be recog- 
nized. 

Wuirtincuitt: That would be true for the majority of 
crossovers which have been formed in large heterochromatic 
regions. But a substantial number of crossovers formed out- 
side the centromere region have likewise been found to be 
viable when homozygous, yet the possibility remains that we 
may be dealing with two or more kinds of exchanges at vari- 
ous times after irradiating. 

Parker: I have irradiated Drosophila females (hetero- 
zygous for ‘‘3ple’’) shortly after emergence. All females 
were mated individually, and transferred to new culture vials 
daily, with egg counts being made. There were significant 
increases in crossing over on the first through the fourth 
day of egg laying, the increases being found in the most 
distal region (roughoid to hairy) on the first 2 days, in an 
intermediate region (hairy to scarlet) on the third day, and 
near the centromere (scarlet to peach) on the fourth day. 
Approximately half of the increase observed on the first day 
is in double crossovers, with both regions of exchange being 
in the same chromosome arm; increases on other days are 
largely due to single crossovers. From the sixth through 
the twelfth day, increases are found in one or more regions, 
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all but the most distal region (roughoid-hairy) being repre- 
sented. 

On the ninth, tenth, eleventh, and thirteenth days there is 
a significant decrease in crossing over between roughoid and 
hairy. The observed reduction is about three times as great 
as that expected if the reduction is due to homozygosis at 
the roughoid and hairy loci resulting from gonial crossing 
over induced medial to these loci. 

The frequency of crossing over between scarlet and peach 
on the first day is about 8%, the value dropping rapidly to 
about 4% by the third day. On every day the treated series 
shows higher value than the controls, although the differences 
are not significant until the fourth day, when approximately 
the 135th to 180th eges are laid. 
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VARIATION IN GENETIC RECOMBINATION IN 
NATURAL POPULATIONS 


HAMPTON L. CARSON 
Department of Zoology, Washington University, St. Louis, Missouri 


THREE FIGURES 


Recent years have witnessed an increasingly wide acceptance 
of the view that important evolutionary changes may be ef- 
fected through recombination of polygenes. The concept of 
the polygene as a gene with small individual effect was 
introduced by Mather (’43) who developed the theory of 
evolutionary adjustment through intensive and extensive re- 
combination of many such genes. Although the original scheme 
of Mather has undergone some refinements (e.g., Lerner, 50), 
the concept remains as one of the most important working 
hypotheses of population genetics. A side effect of this 
emphasis has been to bring into clearer focus the basic 
biological importance of genetic recombination through cross- 
ing over. 

Crossing over has generally been studied at the level of 
the individual. Almost nothing is known of patterns of re- 
combination as they exist in natural populations, yet such 
information constitutes the basic knowledge in any appraisal 
of the evolutionary potential of a species or population. The 
amount of genetic recombination may vary enormously among 
species. Some organisms, for example, have cast off all means 
of recombination; in such forms, which are essentially reduced 
to asexual reproduction, genetic diversity is fixed. Even when 
a mutation occurs, it finds itself in a rigid genetic milieu. 
Usually, however, such complete fixation 1s avoided and 
natural selection appears to favor a compromise such that 
genetic fixation is permitted to involve only a part of the 
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genome, while in other parts free recombination of genes 
may continue to occur. Retention of a high degree of recom- 
bination through crossing over imparts evolutionary flexibility 
to a species or population. This paper is concerned with the 
preparation of an index of crossing over for Drosophila popu- 
lations which will reflect this potentiality for change. 

The genus Drosophila, along with the rest of the higher Dip- 
tera, has suffered marked reduction in intensity of recombina- 
tion through the elimination of crossing over in males. In 
most species of the genus, furthermore, the accumulation of 
chromosome inversions in coadapted systems results in still 
further restrictions on crossing over by interfering with 
free recombination in females. The net result of this situation 
is that populations of such species are made up of constella- 
tions of specific structural karyotypes. Karyotype heterozy- 
gotes, as compared with complete structural homozygotes, are 
characterized by a relatively reduced crossing over in chromo- 
some sections which are relatively inverted. Although some 
compensatory increase of crossing over occurs in other chrom- 
osome sections (Carson, ’53), free recombination in complex 
structural heterozygotes is confined to a relatively few such 
sections. 

In the analysis which follows, different populations of 
Drosophila robusta Sturtevant will be described in terms of 
the relative amount of free recombination which is permitted 
by the inter- and intrachromosomal effects of the various 
naturally occurring inversions on crossing over. It will be 
shown that marginal populations are the most flexible in the 
immediate microevolutionary sense because they permit a 
relatively greater amount of free recombination. 


MATERIAL AND METHODS 


The data on which this study is based are those given by 
Carson and Stalker (’47, ’49), Stalker and Carson (’48), and 
Levitan (’51la, b). In addition, Dr. Max Levitan has generously 
supplied some additional data, and some unpublished data of 
the writer have been included. The data have been re-sorted 
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and selected in such a way that ‘‘egg samples’? of collections 
made prior to August 1 were used almost exclusively. Hach 
egg sample consists of the complete structural karyotype 
observed in a single salivary gland smear of an F, female 
larva produced by each wild female. No data from males are 
included. 

The polytene chromosome complement of D. robusta con- 
sists of six long euchromatic arms and a small dot segment. 
These strands correspond to the left and right arms respect- 
ively of the three pairs of V-shaped chromosomes (X, 2, and 
3) and the dot pair (4) of the metaphase. With a method 
previously described (Carson, ’53), tracings of these strands 
permit the division of the entire euchromatic genome of this 
species into sections, the length of which may be expressed in 
terms of its percentage of the total euchromatin. Idiograms of 
D. robusta will be found in Carson and Stalker (’47) and in 
Carson (753), the latter being the more accurate. Table 1 
shows the relative length of each euchromatic section ex- 
pressed in terms of the percentage of the total euchromatic 
chromosome length it occupies. 

The effect of an inversion on crossing over depends on 
(1) its length, (2) its position in the chromosome arm relative 
to the position of the centromere, (3) its precise karyotypic 
context with respect to other inversions in the same and in 
other chromosomes, and (4) its frequency in the population. 
Sufficient general information on the effects of inversions 
on crossing over (Sturtevant and Beadle, 736; Schultz and 
Redfield, 51) and specific information for Drosophila robusta 
(Carson, 753) are available to permit quantitative measure- 
ment of these effects for individual females. Such a measure- 
ment may be referred to as an ‘‘index of free crossing over.”’ 
The index is an expression of the percentage of the total 
haploid euchromatic chromosome length of the chromosomes 
of an individual in which free crossing over may occur, and 
is prepared by measuring the euchromatic length of the entire 
polytene chromosome complement and equating this to 100. 
The length of the chromosome segments in which crossing 
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over is blocked is then measured in percentage of the total. 
The total blocked length is subtracted from 100, leaving the 
percentage of the total in which free crossing over occurs. A 
chromosome segment is arbitrarily considered to be ‘‘blocked”’ 


TABLE 1 


Relative lengths of the euchromatic sections of the salivary gland 
chromosomes of Drosophila robusta 


CHROMOSOME ARM 


PERCENTAGE OF 


USED TOTAL EUCHROMATIN 


Left 


Chromosome X 


Right 


' 
es 


Left 
Chromosome 2 


Right 


Total 


Left 
Chromosome 3 
Right 


Total 


Chromosome 4 


o_o le, = Ss —_—S_ A, —————"*#——————. 


a ie | 
2 3D 
3-6 8.4 
7 1.9 
8 3.8 
Total 18.5 
9 1.9 
10 3.3 
11 6.5 
12-13 4.5 
14 21 
15 1.2 
Total 19.5 
1-15 38.0 
16 5.7 
17 0.8 
18 5.0 
19-20 5.0 
21-23 6.8 
Total 23:3 
25 8.9 
26-27 heb eg 
Total 18.3 
16-27 41.6 
28 2.3 
29 9.1 
Total 11.4 
30 1.7 
31 3.7 
32 1.9 
33 0.7 
Total 8.0 
28-33 19.4 
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if crossing over occurs there in the formation of no more than 
1% of the gametes. In most cases the amount of crossing 
over is very much less than this. A male Drosophila, in which 
no crossing over occurs at all, would thus have an index of 
free crossing over of 0; a Female having a structurally 
homozygous karyotype w ona have an index of 100. 

In the preparation of the index, all of the chromosome 
section located within a segment heterozygous for an inversion 
is considered to be blocked to crossing over. Although it is 
known that inversions suppress crossing over in sections of 
chromosome adjacent to them, this suppression has not been 
taken into account, since there is little basis as yet for ac- 
curately estimating it. Thus even a small chromosome section 
distal to an inversion is assumed to have free crossing over. 
In complex multiple inversion heterozygotes, especially those 
involving an inversion in each arm of a V-shaped chromosome, 
it is known that in the majority of karyotypes crossing over 
is suppressed in the entire region between the inversions. 
This region may thus be added to the blocked areas in such 
heterozygotes. In a small number of karyotypes, interchromo- 
somal boosting effects release certain regions from their intra- 
chromosomal suppressions. Such effects have been included in 
the index. 

The structural chromosomal conditions encountered rela- 
tively commonly in wild populations of Drosophila robusta 
are listed in table 2. The symbols used follow the system 
described by Carson (’53). For example, an X-chromosome 
pair heterozygous for XL/XL-1 in the left arm but homozyg- 
ous for the standard sequence XR in the right arm is written, 
X:S S/1S. The S in each case stands for the ‘‘standard”’ 
sequence, the left arm being represented by the symbol to 
the left in each case. 

Table 2 also gives the chromosome regions blocked to 
crossing over by each inversion or combination of inversions 
and the percentage of the total euchromatin covered by them. 
The total blockage for a particular female is thus obtained 
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TABLE 2 


Blockage of crossing over by naturally occurring structural 
karyotypes of Drosophila robusta 


PERCENTAGE OF TOTAL 
STRUOTURAL CONDITIONS OROSSING OVER EUCHROMATIN BLOCKED 


IN CHROMOSOMES BLOCKED IN REGIONS: TO CROSSING OVER 


CHROMOSOME X 


1-/?= 2-7 13.6 
guy ia 3=7 10.3 
S72 2-6 ile er 
a= 1; =8/s1;+3/-1 10-15 17.6 
Sy 3; nye a 11-14 13.1 
nay /-3 Pr 12-13 4.9 
$1/1 2;88/11# 3-15 33.6 
18/2 2; 88/2 2 2-14 35.7 
Ss/l So 3-14 32.5 
11/2 abel none 2-15 36.9 

se a CHROMOSOME 2 
ve/i= 18-20 10.0 
siye eee. seo 17-23 17.6 
$-/3 ao as 19-23 11.8 
es = 18-23 16.8 
-s§ fk 26-27 9.4 
8/11 ee 35.1 
18-20; 26-27» 19.4 
$8/21;18/21;38/21 1 35.9 
17-23; 26-27» 27.0 
$ 8/31 ate 30.1 
19-23; 26-27» Sa ay 
Ley sat ee 35.1 
18-23. 26-27 » 26.2 

CHROMOSOME 3 
S8/S81 31-32 5.6 
SS/L-RB 29-31 14.5 


*In these and a number of other double-inversion configurations, alternate link- 
age types are encountered, e.g., in this case S 2/11 and 81/18. Two such 
alternate arrangements have similar structural effects and have not been distin- 
guished in this paper. 


» When chromosome X is also doubly heterozygous, blockage is confined to these 
regions. 
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by summing the percentages of the individual euchromatic 
segments blocked. Thus a female of the karyotype 


x 2 3 
Ss SY Ss 1 Ss Ss 


1 1 SS NS) Ss 1 

would have a blockage of 33.6 (in X) plus 9.4 (in 2R) plus 5.6 
(in 3R) or a total of 48.6. When the total figure is subtracted 
from 100, the remainder (51.4) is the percentage of euchroma- 
tin in which free crossing over occurs, or the index of free 
crossing over. Note that the blockage in the X chromosome in 
this case is more than the sum of the blockage by each of the 
inversions XL-1 and XR-1 separately, owing to the suppres- 
sion of crossing over in the central region between them 
(Carson, 53). 

When inversion heterozygosity reaches a certain level, the 
suppressive effects of the inversions on the sections between 
them, especially in chromosome 2, are overcome by the inter- 
chromosomal boosting effects of the inversions on crossing 


over. Thus, in the quadruple heterozygote 


x 2 3 
1 1 s s Ss rs) 


2 2 t 1 s i 


crossovers are forced out of regions 20-25 of chromosome 2 
and the blockage in this chromosome is reduced accordingly 
(see values marked by superscript ’ in table 2). The blockage 
for this female would be: 36.9 (in X) plus 19.4 (in 2) plus 
5.6 (in 3R) or a total of 61.9. Such karyotypes are actually 
few in number; crossing over in the central region of the 
X chromosome between two inversions occurs only very rarely, 
under any conditions. 


RESULTS 


From the blockage measures given in table 2, an index 
of free crossing over was assigned to the karyotype of each of 
614 egg samples of female larvae of Drosophila robusta. The 
wild flies came from nine geographical areas within the range 
of the species. Frequency distribution histograms of these 
indices, grouped in classes of five, are given in figure 1 for 
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Fig. 1 Patterns of genetic recombination in females from nine different popula- 
tions of Drosophila robusta. . 
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each of these populations. The sample size is given in each 
case and the population means, with standard errors, are 
shown. Reference to figures 1 and 2 will show that in general 
the populations from the center of the distribution area — 1.€., 
Missouri Ozarks, Western Virginia, Heastern Tennessee (open 
circles on figure 2) — show relatively low indices of free cross- 
ing over. Populations of intermediate geographical position 


Fig. 2 Approximate geographical distribution of Drosophila robusta (hatched) 
and location of the nine populations considered in this study. Central populations 
are represented by open cireles, intermediate by solid circles, and marginal 
populations by solid squares. 


between these and the marginal populations are less blocked, 
whereas marginal populations —i.e., Wisconsin-Minnesota 
and Georgia-Alabama (solid squares on figure 2) have the 
highest mean percentages of free recombination. This general 
tendency may be observed by rough inspection of the histo- 
grams in figure 1. 
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Although the values appear to forma geographical gradient, 
or cline, certain discontinuities are apparent. These are not 
well demonstrated by the means, which are affected by the 
fact that some of the curves are skewed. Therefore a simple 
x2 test for differences between populations was applied to 
the number of individuals of each population which fall above 
and below the arbitrary point of 80% of free euchromatin 
(see table 3). On this basis, the populations fall into three 


TABLE 3 


Differences in genetic recombination in various populations of Drosophila robusta 


OUOT MEAN PERCENTAGE PERCENTAGE OF FEMALES 
SOURCE OF POPULATION ARCATA EUCHROMATIN WITH HAVING 80-100% 
= FREE CROSSING OVER FREE CROSSING OVER 


CENTRAL POPULATIONS 


Missouri Ozarks 35 66.9 = 3.2 31.4 
Western Virginia 93 (AW axa lts 30.1 
Eastern Tennessee 129 VAs? SEES 29.5 
Total 257 (Abyss it, 30.0 
INTERMEDIATE POPULATIONS 
Northern Ohio Sif 74.4 + 2.8 45.7 
Eastern Missouri 116 74.9 + 1.5 46.0 
Central Iowa 65 topes Su I Uf 55.4 
Northern New Jersey 40 SHAS) ee ES! 47.5 
Total 268 Ti 6 S10 48.5 
MARGINAL POPULATIONS 
Wisconsin- Minnesota 53 84.226 77.4 
Georgia-Alabama 46 85.0 + 2.0 TAs 
Total 99 84.5 + 1.3 74.7 


homogeneous groups, which differ significantly from one an- 
other at or below p values of 0.05. These groups are given 
in table 3 and figure 3. They consist of the three most central 
populations (1, 2, and 3), four intermediate (4, 5, 6, and 7), 
and two marginal (8 and 9). 


DISCUSSION 


The data presented show clearly that as one approaches 
the marginal areas occupied by the species, the amount of 
free crossing over increases. This is, of course, a reflection of 
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the finding that marginal populations are relatively homo- 
zygous for gene arrangement whereas central populations are 
relatively heterozygous. This same tendency may be observed 
in the clines of gametie frequencies for certain individual 
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Fig. 3 Differences in free recombination in central, intermediate and marginal 
populations of Drosophila robusta. 


gene arrangements. In general, the frequencies appear to be 
approaching 0 or 100% at the margin of the area occupied 
by the species (Carson and Stalker, *47 ; Stalker and Carson, 
48). Similar relations obtain in D. persimilis and apparently 
to a lesser extent in D. pseudoobscura (Dobzhansky, ’44, ’48). 
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The histograms shown in figures 1 and 3 constitute a more 
direct measure of the phenomenon of marginal homozygosity 
without the complicating factor of qualitative differences be- 
tween different marginal populations. 

It is striking that two populations which are geographically 
and ecologically so different as Wisconsin-Minnesota and 
Georgia-Alabama should have frequency distributions and 
means which are so similar (fig. 1). This is so despite the 
positions of these populations at opposite ends of the north- 
south clines which have been demonstrated for this species. 
These populations are different both chromosomally and mor- 
phologically (Carson and Stalker, 47; Stalker and Carson, 
47) and these differences could be easily used to erect sub- 
species if desired. The similar indices of free recombination 
of such different populations therefore require an explana- 
tion. 

Da Cunha and Dobzhansky (’54) have recently added further 
data which support the hypothesis made earlier (da Cunha 
et al., 50) that the amount of adaptive polymorphism in a 
given population is directly proportional to the number of 
adaptive niches occupied and exploited by the members of 
that population. They have thus shown that marginal popula- 
tions of D. willistoni tend to have relatively less chromosomal 
polymorphism than populations inhabiting central or ecologic- 
ally more diverse areas. The data available for D. robusta 
support this hypothesis. The indices presented in this paper 
are a somewhat more sensitive measure of structural popula- 
tion homozygosity than the average number of heterozygous 
inversions per individual which has been used by da Cunha 
et al. (750) for D. willistoni. 

Drosophila robusta is geographically and ecologically in a 
marginal situation in both Georgia and Wisconsin. Very few 
specimens of the species have been captured in Florida and 
the combination of the disappearence of the American elm and 
the ecological ascendency of the pine forest appear to be 
the leading factors in determining its southern limits. In the 
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north-central part of its range, the species has not been caught 
north of Itasca Lake, Ae sy coike Although suitable breeding 
sites on elms are available farther north, the coniferous forest 
is nearby and the species appears to be replaced in the North 
by its close relative D. colorata. It may be concluded that the 
extreme northern and extreme southern populations of D. 
robusta are similar because both are marginal and both are 
able to exploit only a limited number of ecological niches. 

From the point of view of population genetics, the observed 
distributions of inversions in this species appear to reflect two 
fundamental phenomena. The first of these is that, in the 
central or ecologically complex portions of a species range, 
accumulation of chromosomal polymorphism results in con- 
siderable specialization. Adaptive gene complexes are held 
together and recombination is lessened. Coadaptation of 
chromosomes, however, is a plastic system because it is based 
on the superiority of the heterozygote. If the adaptive value 
of the heterozygote should in the course of time become lower 
than that of one of the homozygotes, one of the gene arrange- 
ments would be eliminated from the population. The result 
would thus be a return to homozygosity for this chromosome 
section, and free recombination in this part of the genome 
would be restored. 

The second phenomenon concerns the converse tendency, 
that is, for the marginal populations to have a high potential 
for recombination. In contrast to central populations, mar- 
ginal populations may be considered to be less specialized 
and what variability they have would be more easily and 
continually available through polygenic recombination. Mar- 
ginal populations should thus be genetically more flexible in 
terms of immediate evolutionary adjustment to new conditions 
than central ones. Nevertheless, the ability of marginal pop- 
ulations to make use of this potential depends on the store 
of genetic variability available to recombination, the degree 

of inbreeding, and population size. Further information on 
these factors is a necessary prerequisite to further analysis. 
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SUMMARY 


The complete structural karyotypes of 614 F, female larvae 
from wild females of D. robusta were recorded. For each 
karyotype the percentage of the total chromosomal material 
which is available to crossing over has been calculated. This is 
referred to as an index of free crossing over. 

Frequency distributions and population means were pre- 
pared for the indices of free crossing over for each of nine 
geographical areas. Centrally located populations have a 
relatively low percentage of free recombination; populations 
from the margin of distribution have conversely a relatively 
high amount of free recombination. Populations of inter- 
mediate position have intermediate values. These correlations 
are interpreted to mean that central populations are genetic- 
ally more specialized, many genes being effectively tied up in 
nonrecombining coadapted groups. Marginal populations, on 
the other hand, tend to be structurally homozygous and have 
a greater free recombination. Marginal populations are thus 
genetically more flexible in the sense of capacity for immediate 
evolutionary adjustment to new conditions. This is possible 
because of their greater potentiality for adjustment through 
extensive recombination of polygenes. 
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DISCUSSION 


Baker: I was interested in the case where inversions in 
both arms of the X increased the frequency of recombination 
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in a centromere region, which I guess was heterochromatic. 
Do you have any evidence of an increased frequency of cross- 
ing over by the interchromosomal effect actually within hetero- 
chromatic regions of the chromosome? 

Carson: The region in which crossing over is being de- 
tected in the second chromosome consists both of two 
heterochromatic segments adjacent to the centromere and two 
quite long euchromatic segments as well. It has not been 
possible to tell precisely where the increased crossing over 
is occurring. 

Breapte: Might you not expect that simple size of breeding 
populations would lead to this same result, that at the per- 
iphery you get small surviving breeding populations that 
would lead to homozygosity? 

Carson: Yes, I think this is certainly a valid hypothesis. 
However, the gradual clinal changes which have been shown 
in this species indicate that something more than population 
size is playing a role at the margin because of the gradual 
approach to the low frequencies of inversions. If the marginal 
populations were isolated, this might be a different matter, 
but they appear to be in contact. 


LITERATURE CITED 


Carson, H. L. 1953 The effects of inversions on crossing over in Drosophila 
robusta. Genetics, 38: 168-186. 
Carson, H. L., anp H. D. SrauKer 1947 Gene arrangements in natural 
populations of Drosophila robusta Sturtevant. Evolution, 1: 113-133. 
1949 Seasonal variation in gene arrangement frequencies over 
a three-year period in Drosophila robusta Sturtevant. Evolution, 3: 
322-329. 
pa CunHa, A. B., H. Burua, AND T. DopzHANSKY 1950 Adaptive chromosomal 
polymorphism in Drosophila willistoni. Evolution, 4: 212-235. 
pa Cunna, A. B., AND T. DopzHAaNSKY 1954 A further study of chromosomal 
polymorphism in Drosophila willistoni and its relation to the environ- 
ment. Evolution, 8: 119-134. 
DopzHANSKY, T. 1944 Chromosomal races in Drosophila pseudoobscura and 
Drosophila persimilis. Carnegie Inst. Washington Publ., 584: 47-144. 
1948 Genetics of natural populations. XVI. Altitudinal and seasonal 
changes produced by natural selection in certain populations of 
Drosophila pseudoobscura and Drosophila persimilis. Genetics, 38: 
158-176. 


236 HAMPTON L. CARSON 


LERNER, I. M. 1950 Population genetics and animal improvement. Cambridge 
Univ. Press, Cambridge, England. 342 pp. 

Levitan, M. 195la Experiments on chromosomal variability in Drosophila 
robusta. Genetics, 36: 285-305. 

-—___— 1951b Selective differences between males and females in Drosophila 
robusta. Am. Naturalist, 85: 385-388. 

Matuer, K. 1943 Polygenie inheritance and natural selection, Biol. Rey. 
Cambridge Phil. Soe., 18: 32-64. 

ScHutrz, J., anp H. Reprietp 1951 Interehromosomal effects on crossing 
over in Drosophila. Cold Spring Harbor Symp. Quant. Biol., 16: 
175-197. 

SraLKER, H. D., anp H. L. Carson 1947 Morphological variation in natural 
populations of Drosophila robusta Sturtevant. Evolution, 1: 237-248. 

1948 An altitudinal transect of Drosophila robusta Sturtevant. 

Evolution, 2: 295-305. 

Sturtevant, A. H., anp G. W. BEADLE 1936 The relations of inversions in the 
X chromosome of Drosophila melanogaster to crossing over and dis- 
junction. Genetics, 21: 554-604. 


EVALUATION OF RECOMBINATION THEORY 


A. H. STURTEVANT 


California Institute of Technology, Pasadena 


The three of us who were asked to speak at this evaluation 
session have discussed the matter and agreed that we are at 
somewhat of a disadvantage since none of us has had too much 
experience in bacterial genetics, phage, or biochemical ma- 
terial. For my own part, I can only say that I have learned 
a good deal, but would want much more time to digest the 
material before venturing to make more than a few passing 
comments 

I should, however, like to say a few words about the scheme 
that Dr. Lederberg has called ‘‘copying choice.’’ This general 
type of scheme for the production of recombinations seems to 
me, as far as I can judge, to have very great advantages in 
the interpretation of the recombinations in phage. But at 
least in its original form, I think it will involve very serious 
difficulties and will require some modifications to account for 
what goes on in chromosomes. The chief difficulty is that 
there is no provision in this scheme for the simultaneous 
production of the contrary crossover types. As you know, 
when an exchange occurs in a pair of chromosomes, the two 
contrary genetic crossovers are produced simultaneously. 

It is quite clear that this is the regular result in chromo- 
somes but is not the rule in phage recombinations. The two 
types of chromosomes are recovered together, but the contrary 
phage recombination types are not necessarily recovered from 
single infected bacteria. 

This makes me wonder whether it is too hopeful to try 
to explain what goes on in the phage recombinations and in 
chromosome recombinations on the same basis. It should be 
remembered that in these two situations, objects of very dif- 
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ferent sizes are considered. A chromosome is, of course, a good 
many orders of magnitude larger than a phage particle; and 
there are some differences in the phenomena that are observed, 
of which the above is one of the more striking. 

Of course, we should all like to see a general scheme that 
would apply to both situations, but it seems to me we had 
better be prepared to find that the mechanism is quite dif- 
ferent in the two cases. 

In passing, I should like to make a comment in connection 
with the point which Dr. Crick has made to the effect that 
one of the striking things about chromosomes is that they 
do not come in branched form. I think I am one of the few 
people who have ever suggested the existence of a branched 
chromosome. I should like here to retract that suggestion. 
The case which seemed to me to be conclusive certainly has 
a different explanation, as the analysis of the salivary gland 
chromosomes shows. 

Another point which I wish to discuss a little is one which 
was mentioned by Dr. Lederberg, namely, the examples which 
occur in the fourth chromosome of Drosophila, of extremely 
short double crossovers, where the two exchanges are very 
close to each other. 

I have been much puzzled by these data, and have tried 
to find some way to account for them. The only suggestion 
J can make as to what may be going on is a purely formal one. 
If it is assumed that in about 95% of the eggs there is no 
crossing over and in the other 5%, for some unspecified rea- 
son, there is a great deal of crossing over with the amount 
of double crossing over that might be expected from it, then 
if those data are simply added together, the result will be 
these very high coincidences that I have reported. 

I cannot substantiate that hypothesis. There is at least one 
way in which such an analysis might be approached, namely, 
to see if there is any clustering of the crossovers. Unfortun- 
ately, the output per female is so low that I have not been 
able to devise any way of attacking the problem from that 
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point of view. This remains a merely formal sort of sugges- 
tion. 

In this connection, however, I would like to point out that in 
studies of interference, the suggested interpretation does 
represent a type of complication that may arise. If two series 
of data, in which the coincidences are identical but the fre- 
quencies of crossing over in the intervals concerned are dif- 
ferent, are added together and the coincidence calculated from 
the pooled data, the coincidence will always show an increase. 
This is a simple algebraic result that was demonstrated by 
Weinstein in 1918. This means that coincidence calculations 
are very tricky things to work with; that the ordinary caleu- 
lations, or any other that I have been able to devise, need to 
be used with caution except in a situation in which there is 
no variation in crossover frequency. That is a condition very 
difficult to comply with. It is for that reason, among others, 
that a good many of us have become suspicious of detailed 
quantitative analyses of the phenomenon of interference. 

In some of the examples which have been described as 
pseudoalleles in organisms other than Drosophila, Dr. Leder- 
berg points out that the interpretation involves the assump- 
tion that very short double crossovers have occurred, and 
that this raises a suspicion that crossovers may not be in- 
volved and that mutation will have to be considered as a 
possible alternative explanation in these cases. I should like 
to mention that there is on record a model case for the in- 
terpretation of some of these situations as mutations —a 
paper published a good many years ago by Demerec (’26), 
in which he showed that a particular mutant type known as 
‘reddish’? in Drosophila virilis did not show any mutation 
when in the homozygous form but when made heterozygous 
showed a very considerable mutation frequency. The muta- 
tion showed a high correlation with crossing over in the 
immediate neighborhood, but it was still true that the great 
majority — about five-sixths of all the mutant chromosomes 
—had not undergone crossing over in this region. This, I 
think, is a particularly clear example of the kind of thing 
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that must be kept in mind—namely, that when an event 
associated with crossing over is found, it must not be as- 
sumed automatically and offhand that it is a consequence of 
crossing over. It may only, for some reason, be indirectly 
associated with the possibility of crossing over. 

I do not want to take time to present a full opinion of the 
pseudoalleles in general, but it does seem that they have a 
bearing on this question of recombination. We are confronted 
here with a paradox. As you know, the position was as fol- 
lows a few years ago: Given a mutation, a—1, and another one 
independently occurring, a—2; suppose these are recessives 
so that both a—1/++ and a—2/+ are wild type. Now if a—1/a—2 
had the a phenotype, it was concluded that a—1 and a—2 were 
alleles. This is the classical standard test for allelism. The 
rule has been that if that test gave the described result, then 
a-1 and a—2 were at the same locus and crossing over between 
them was impossible. However, a number of cases have now 
been noted in which there is a disagreement between these 
two methods of studying allelism. That is, in a number of 
cases — an increasing number of them as more work is done 
—two new types can be recovered from a combination 
a-1/a—2. In other words, one can get ordinary crossing over 
and can show by the use of other marker genes that there is 
a definite sequence — for example, that a—1 lies to the left of 
a-2 — in spite of the fact that the phenotype of a—1/a-2 is the 
recessive one. 

There is the further finding that the double heterozygote of 
the type a—-1 a—-2/+-+ (we must now assume there are two 
loci here) —i.e., what has been called the cis type, is wild type; 
whereas the trans heterozygote (a-1+-/+-a-2) is of the re- 
cessive phenotype. This is the phenomenon of pseudoallelism. 

The point I should like to insist on here is that, unless 
both these recombination types (a-1, a-2, and +++) are re- 
covered, the case for pseudoallelism is incomplete; and in 
many of the cases that have been reported, only the ++ type 
has been recovered, while the double mutant has not been 
found. In the absence of that confirmation, I do not think it 
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is possible to exclude the possibility of mutations of the kind 
which were described years ago by Demeree. 

It would perhaps not be appropriate here to devote more 
time to this matter of pseudoalleles. The existence of this 
discrepancy between the two methods of studying allelism 
has led to a great deal of discussion lately, and to the sugges- 
tion that perhaps the classical theory of the gene had better 
be thrown out completely and a new start made. I do not 
subscribe to that view to any degree whatever, but I shall 
not now discuss my reasons. 


DISCUSSION 


Papazian: I would just like to hear what the reasons were in 
defense of the discrete gene. Is there anything that you think 
is good evidence that there are regions of crossing over and 
regions of genic material that do not cross over? 

Srurtevant: I do not think there is a clear answer on the 
question of localization of crossing over regions. One of the 
reasons I do not like the idea that there are no discrete genes 
is that this means there is a vague indefinite area without any 
sharp boundaries between one gene and another, and I am 
not able to visualize that in any physical-chemical terms. 

After all, we are dealing with substances of some sort — with 
material objects. Presumably, they have definite limits. An- 
other point is that in a number of these cases, particularly in 
the bithorax series studied by Lewis, these separable elements 
can be shown to have different physiological properties; and 
one can identify the different loci by looking at the mutant 
phenotypes associated with them. 

Weinstein: I agree with Dr. Sturtevant that we must be 
careful in interpreting differences in coincidence because they 
may result from the combination of heterogeneous data. But 
to prevent possible misunderstanding, it may be well to re- 
peat that the general pattern of variation of coincidence with 
distance is too marked and too consistent to be accounted 
for in this way. The rise of inclusive coincidence and of in- 
ternode frequency is found in several species (including 
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Drosophila melanogaster and Drosophila virilis); the sub- 
sequent leveling off of inclusive coincidence and fall of in- 
ternode frequency are found where the distance is sufficiently 
long (D. virilis). In my work with D. melanogaster (718), in 
which I called attention to the possibility that the combination 
of heterogeneous data may give rise to spurious differences 
in coincidence, and in my work with D. virilis referred to here, 
calculations were made not only for the combined data in 
each cross but for subdivisions of the data—in D. melano- 
gaster for each separate culture bottle. The general pattern 
remained unaffected. This could be further tested by making 
all the heterozygous parents in each cross genetically iden- 
tical. Even without such complete homogeneity, however, it 
is significant that there is agreement between calculations 
made on total data and on subdivisions. Moreover, it must 
be borne in mind that the leveling off of inclusive coincidence 
and the fall of internode frequency for distances long enough 
to allow crossovers of ranks above 2, are not independent of 
each other, since the first necessarily implies the second. 
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As an old-fashioned cytologist I should like to present 
certain aspects of chromosome structure and behavior which 
must be considered in any evaluation of the recombination 
theory. The coiling system in the chromosome cycle is a basic 
factor in crossing over, and the nature of genic bonds is also 
significant in chromosome structural changes which occur in 
nature and can be induced by ionizing radiation. 

The mitotic nuclear cycle involves the coiling and uncoiling 
of the chromosomes. At metaphase the chromosomes are 
composed of a tightly coiled spiral. The sister chromatids 
appear to be independently coiled. In Tradescantia the number 
of coils is approximately twenty-five per chromosome. At 
anaphase the chromosomes may contract further, but as 
they pass into the resting stage the coiling system is relaxed 
and the number of coils is reduced. These relic coils are found 
throughout the resting stage. At early anaphase the new 
coiling system begins and, eventually, the relic coils are re- 
placed by new minor coils. During the transition there is 
some coiling of sister chromatids about each other in the form 
of relational coiling, but by metaphase this relational coiling 
has usually been eliminated and the sister chromatids are 
separate and parallel. At no time in the mitotic cycle are the 
chromosomes free from coiling. 

In meiosis, on the other hand, the coiling system differs 
from that in mitosis in several essential respects. The pre- 
meiotic nuclei increase in size until at meiotic prophase they 
are considerably larger than those in mitosis. The relic coils 
largely disappear and the chromosomes are free to pair. Pair- 
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ing is facilitated by the polarity of chromosomes, with the 
centromeres oriented toward one side of the nucleus. The 
relative freedom from relic coiling permits an intimate and 
very precise pairing of homologous chromosomes. This pair- 
ing must be even more precise than the relatively gross 
cytological observations would indicate, since crossing over 
must occur at the molecular level. 

The molecular coiling system of deoxyribonucleic acid 
(DNA) described by Watson may be the basis for the cyto- 
logical coiling system. Even the microscope observations 
indicate coils within coils at meiosis and it is not unreasonable 
to envisage a microscopic coiling system as initiated by a 
molecular coiling system. However the direction of coiling 
in both mitotic and meiotic chromosomes is variable in direc- 
tion of coiling. 

The intimate association of homologous chromosomes is 
limited to meiotic prophase owing to the precocity of nuclear 
development in relation to chromosome development. The 
actual crossing over between chromatids may also be related 
to the coiling system. According to Darlington, it is the 
relational coiling of homologous chromosomes and sister 
chromatids which imposes the stress needed to break the 
chromatids and permit a new association of chromatids. This 
assumption is in accord with the cytological and genetic ob- 
servations of interference. Any theory of crossing over 
must conform to the facts of interference. Such a gross 
mechanism of breakage and reunion is, however, difficult to 
reconcile with the precision of genetic crossing over. 

Unlike the chromosome recombinations induced by radiation 
and certain chemical agents, the crossovers are always pol- 
arized and progressive from the proximal to the distal ends 
of the chromosome arms. Lateral fusions which give rise 
to dicentric bridges seldom if ever occur in normal meiosis. 
Yet the breakage and reunion of chromosomes induced by 
ionizing radiation show no evidence of polarity of the bonds 
between genic elements. An induced inversion is usually 
viable and functions as well as the original chromosome. These 
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induced breaks, whether in sister chromatids or in different 
chromosomes, may also reunite laterally to give rise to dicen- 
trices, or progressively to give rise to exchanges and trans- 
locations. 

In regard to stress factors involved in chromosome breakage 
and recombination there does seem to be some similarity in 
crossing over and artificial induction of chromosome recom- 
bination. Some stress factor appears to be involved in meiosis 
to account for interference. In recombinations induced by 
ionizing radiation there is considerable evidence which in- 
dicates that chromosome stress and movement are important 
factors in the production of chromosome aberrations. In 
the first place, the chromosomes of a given species become 
more sensitive to induced aberrations as they progress from 
the relatively inactive state in the resting cell to the more 
active prophase with maximum sensitivity at metaphase or 
early anaphase. It is also possible to augment the frequency 
of induced aberrations by centrifuging the cells while under 
irradiation; or as Conger has done, by subjecting them to 
ultrasonic radiation during exposure to X rays. Presumably 
these stress factors, both under normal conditions and under 
experimental control, shift the broken ends of the chromosomes 
out of alignment, thus preventing restitution and favoring 
illegitimate unions of broken ends which result in visible 
chromosome aberrations. 

Various attempts have been made to account for random 
crossing over between the chromatids of homologous chromo- 
somes at meiosis. The suggestion by Schwartz invokes sister- 
chromatid crossovers to account for the random crossing over. 
It is assumed that crossing over between homologous chromo- 
somes is always limited to the newly formed chromatids 
in each of the homologs, so that sister-strand crossing over 
would be necessary to produce random recombination. If 
sister-strand crossovers, involving the old and new chromatids, 
are possible it would be reasonable to suppose that crossing 
over between the chromatids of the two homologous chromo- 
somes need not be limited to the newly formed chromatids. 
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Nor does this modified Belling’s theory provide any adequate 
basis for genetic and cytological interference. 

The nature of the broken ends of chromosomes may be of con- 
siderable significance in several respects. In the first place 
there must be bonds which can be broken and joined with no 
effect on the adjacent genic centers. Neither crossing over 
nor induced chromosome breakage normally results in genic 
changes. Watson and others have suggested that the actual 
breaks do not occur in the DNA molecules, but in the linkage 
between them. 

Once a chromosome bond is broken it remains in an unstable 
condition and unites readily with other broken ends. It cannot 
normally constitute a normal end of a chromosome and behave 
as a telomere. The unstable condition of these broken ends 
may be of some significance in transduction. An interstitial 
chromosome deletion usually, if not always, forms a ring 
chromosome fragment by the union of the two broken ends. 
Tf a transduction involves anything comparable to the inser- 
tion of a chromosome segment, two questions arise. How are 
the ends of the fragment prevented from uniting to form a 
ring, and how is the break induced in the recipient chromo- 
some? 

If, on the other hand, the transduction is effected by a 
lateral association of the contributed DNA with the recipient 
chromosome and alters the normal gene segment, it is difficult 
to understand gene stability in hybrids where unlike genes are 
in intimate association at meiosis. Perhaps transduction in- 
volves a mechanism such as the activators found in Zea by 
McClintock, the nature of which is not yet known. 

T hesitate to discuss some of the agents which modify X- 
ray-induced mutations, and particularly the oxygen effect, 
since this controversy involves several of my former students. 
Other modifying agents indicate that the modifiers may act 
quite indirectly. With all of the various modifying agents 
available, both physical and chemical, we should be able to 
arrive at a more precise understanding of the nature of 
chromosome breaks and reunions. 
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The induced chromosome aberrations should also lead to 
a better understanding of chromosome recombination in 
nature. Carson has pointed out the significance of structural 
chromosome alterations in speciation and evolution. These 
changes may be even more significant than we realize if 
introgressive hybridization is as prevalent as Edgar Anderson 
believes it is. A few segments of chromosome material in- 
troduced from one species to another not only results in varia- 
tion directly, but could be followed by further variation 
resulting from occasional crossing over in these small seg- 
ments in heterozygous combinations. The role of chromosome 
recombination is an important factor in speciation and evolu- 
tion, and the radiation work has led to a better understanding 
of the mechanisms leading to inversions, translocations, and 
deletions. 

The problems raised at this symposium can be solved to 
some extent by studies of gross chromosome structure and 
behavior, but the ultimate solution must rest on analyses at 
molecular levels. In some respects these levels may underlie 
the microscopic observations and, particularly in the coiling 
cycle, may be similar. Since in the higher plants there are 
differences in chromosome size of the order of a hundredfold, 
perhaps the chromosomes which we are unable to detect in 
certain microorganisms are structurally similar to the larger 
chromosomes, and, in turn, the molecular structures may 
provide the pattern for coiling cycle and behavior of the 
visible chromosome. 

T do not know why the cytogeneticists of the Paleozoic Age 
of modern biology should be asked to summarize this ultra- 
modern symposium. We hope that the new results can be 
reconciled with the long-established facts of genetics and 
cytology. It is encouraging to see that new tools for investiga- 
tion have been developed which should permit a more critical 
analysis of the various problems of cytology, genetics, and 


evolution. 
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UNRAVELING THE CHROMOSOMES 


ALEXANDER WEINSTEIN : 


Biological Laboratories, Harvard University, Cambridge, Massachusetts 
EIGHT FIGURES 


THE WIDENING SCOPE OF GENETICS 


The way of the summarizer is hard. Speakers in this sym- 
posium have told us many things, and told them explicitly; 
and it would be impossible, in the space allotted, to summarize 
all we have heard and to explore all its connections with bio- 
logical problems and theories. 

One of the noteworthy things about this conference is that 
it has included researches not only on the classical material 
of genetics but on microorganisms as well. A short time ago 
this would have been impossible, partly because the genetic 
mechanisms of microorganisms were unknown, and partly 
because many scientists thought that such mechanisms did 
not exist. It is well to recall, however, that this confusion of 
thought did not characterize the great biologists of the nine- 
teenth century. Darwin (1875) said that hereditary units 
‘can hardly differ much in nature from the lowest and simplest 
organisms,’’ under which he included viruses; and Weismann 
(702, ’04) expressed a similar opinion. 

Genetics has expanded not only to include more kinds of 
organisms; but also, in another direction, to include, or at 
any rate to connect with, physiological and embryological 
processes. Geneticists used to be accused of regarding the 
gene as a kind of billiard ball, with no structure that would 
allow for chemical activity. It is true that some biologists 
drew a distinction between genetic and physiological traits, 


1 Working on grant from the Commonwealth Fund. 


249 


250 ALEXANDER WEINSTEIN 


but the leaders of genetic thought were not among them. 
Bateson, both before and after he introduced the term ‘‘ge- 
neties,’’ referred to the science as the physiology of heredity 
and variation; and he spoke of it as ‘‘standing next beside, 
and looking constantly for support to, physiological chem- 
istry’? (’07). He suggested that ‘‘the operations of some 
[hereditary] units are in an essential way carried out by the 
formation of definite substances acting as ferments’’ (709). 
And Morgan, Sturtevant, Muller, and Bridges (715) wrote: 
‘‘On the factorial hypothesis the factors are conceived as 
chemical materials in the egg, which, like all chemical bodies, 
have definite chemical composition.’’ 

Nevertheless, genetics seemed so isolated that it was not 
treated in D’Arcy W. Thompson’s book ‘‘On Growth and 
Form” (717, ’42), which undertook a synthesis of embryology, 
morphology, and physiology from the standpoint of mathe- 
matics and physics. The omission is all the more significant 
because Thompson was interested in problems that are mathe- 
matically related to the coiling and unraveling of the chromo- 
somes. He discussed the geometry of spirals and helices in 
shells and plants; and in another work (’40) he wrote about 
a game called ‘‘trick-in-the-loop’’ in which a strap is coiled 
in such a way that a wooden pin inserted into it is not held 
in any coil when the strap is loosened out. 


COILING AND REPLICATION 


Mitosis and meiosis may be regarded as varieties of trick- 
in-the-loop in which there is no pin, but in which two or four 
strands are unraveled from each other. A somewhat similar 
situation occurs in some other cell organs, the flagellar bands, 
which may number from two to sixty, in certain protozoa, and 
which are transmitted to daughter cells in cell division (Cleve- 
land, ’55). It has now appeared that a variety of trick-in-the- 
loop must be involved in the replication of molecules of nucleic 
acids and proteins. 

In all these cases the geometric problem is the same — to 
separate the strands. But the way in which the separation is 
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to be achieved must differ according to conditions — rigidity, 
friction, the number of points at which the separating forces 
are applied, and whether or not each strand remains intact. 

The separation is easiest when rigidity and friction are 
small, and each strand is pulled at only one point. For then 
the convolutions can unwind and slide over each other. Un- 
winding occurs in the flagellar bands mentioned. In chromo- 
somes, there have been differences of opinion as to whether 
separation is accomplished only by uncoiling; a summary 
and a bibliography are given in the review of Manton (750). 
In deoxyribonueleic acid (DNA), it is not known how the 
strands separate. 

If the separating forces are applied at more than one point 
in each strand, for example at both ends, there may be inter- 
locking even in the absence of rigidity and friction. If equal 
parallel forces are applied at all points of each strand, the 
situation is the same as if the strands were rigid. 

The geometric problem of unraveling rigid strands is more 
easily understood, I think, from models, which can be felt 
as well as seen, than from pictures, which appeal only to the 
sight, or from descriptions, which appeal only to the imagina- 
tion. Models can be made by winding two strips or ribbons 
of different colors around a cylinder. It helps if the cylinder 
is transparent; a tube of glass or lucite can be used. And 
instead of two separate strips, we can use one strip of rubber 
colored differently on the two sides. 

If the coiling is all in the same direction, as in figure 1 A, 
then if we view the model at right angles to the long axis, we 
ean see both colors, no matter which side we look from. If 
we should try to pull either color toward ourselves, it would 
interlock with the other. This means that if a chromatid or 
a molecule replicates on one surface —the same surface 
throughout its entire length—and if it coils in this way, 
the two resulting chromatids or molecules would interlock 
if they began to move away from each other laterally. The 
same would be true if replication were along an edge, pro- 
vided that it is the same edge throughout the entire length. 
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FIG. 2 
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Fig. 1 Rubber strip, dark on one side, light on the other, coiled around a 
lueite tube. In A, the coiling is constant in direction. In B, C, D, which are 
viewed at intervals of 90°, the coiling is reversed at each half-twist. 

Fig. 2. Aluminum strips coiled around a rod. In A, the coiling is constant in 
direction; in B, it is reversed at each half-twist. 

Fig. 3 Rubber strip, dark on one side and light on the other, coiled around 
a lucite ring. In A, the coiling is constant in direction. In B and C, which are 
viewed from opposite sides, it is reversed at each half-twist. 

Fig. 4 Same models as in figure 3 viewed at an angle. In A, the coiling is 
constant in direction; in B, it is reversed at each half-twist. 

Fig. 5 Aluminum strips coiled around a circular rubber tube. In A, the coiling 
is constant in direction. In B, it is reversed at each half-twist. 
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The separation can be achieved, as is well known, if the 
coiling is not all in one direction, but if each clockwise half- 
turn is followed by a half-turn that is counterclockwise (fie. 
1B, C, D). In this case it is possible to get a view that shows 
only one color and another view that shows only the other 
color. Therefore these two colors ean be pulled apart without 
interlocking. 

These two types of coiling can also be illustrated by models 
made of aluminum strips (fig. 2). An advantage of these is 
that they retain their shape while being handled. 

These relations still hold if the strips are bent in a circle, 
as in ring chromosomes. The rubber strips can be wound 
around a lucite ring (figs. 3, 4). The coiled aluminum strips 
can be bent till the ends touch, and a wire or a piece of thin 
rubber tubing can be inserted to mark the axis around which 
they coil (fig. 5). Where the coiling is all in one direction, 
no separation is possible; in fact, now there is interlocking 
even in the absence of rigidity and friction. Where the coiling 
is reversed at each half-twist, the strips can be separated; 
and if there is no rigidity or friction, the coils need not alter- 
nate, provided that the total number of coils in one direction 
is equal to the total number in the other direction. 

What has been said would apply to the relatively simple 
case of mitosis, where there are two chromatids that do not 
cross over, or to the replication of a chain molecule. In 
meiosis the situation is more complicated because there are 
four strands. In addition, there may be crossing over, which 
may make separation easier by preventing interlocking or 
may introduce interlocking where it would not otherwise exist. 
Crossing over adds another complication: either strand of 
one chromosome must be able to touch either strand of the 
other at any level at which exchange takes place. 

The general result of these complications is that, for many 
cases at least, unraveling requires nonrigidity, or sister- 
strand exchanges, or both. 
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A set of rules for the genetic game of trick-in-the-loop 
would be useful, and would answer the question asked by 
Dr. Crick (this conference): What are the phenomena in 
crossing over to be explained? The phenomena to be ex- 
plained, or the rules to be obeyed, are essentially, I think, 
as follows, though additions may be made necessary by fur- 
ther research. 

1. In each chromosome the genes are arranged in a linear 
series. 

2. Normally, corresponding genes occupy corresponding 
positions, and corresponding groups of genes are exchanged 
in crossing over. 

3. Exchanges may occur at more than one level. 

4. Exchanges occur when each chromosome consists of 
two chromatids. 

5). At any level, crossing over is limited to two chromatids, 
one from each chromosome. 

6. At any level, either chromatid of one chromosome is 
equally likely to cross over with either chromatid of the other 
chromosome. 

7. The two chromatids that cross over at one level do not 
decide which two cross over at other levels; that is, there is 
random recurrence of crossing over (no chromatid inter- 
ference). 

8. There is regional interference. An exchange interferes 
with exchanges at neighboring levels, and this interference 
decreases with distance and finally vanishes. This means that 
inclusive coincidence increases from 0 to 1 and remains at 
the latter figure; and that internode frequency rises from 
0 to 1 or less, and then, if there are exchanges at more than 
two levels, decreases again. 

9. Hither exchanges do not occur between sister chromatids ; 
or if they do, they do not interfere with exchanges between 
homologous chromatids at other levels. 

10. In the exceptional cases where crossing over is unequal, 
exchanges between sister chromatids occur rarely if at all. 
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CHROMATID INTERFERENCE 


It has been inferred from both cytological and genetic evi- 
dence that the two chromatids which cross over at one level 
determine to some extent which two cross over at other levels. 

The cytological evidence is faced with two difficulties. In 
the first place, in tetrads having more than one chiasma, it 
is not always possible to tell whether two, three, or four 
chromatids are involved; though some workers have thought 
that the uncertain cases are not sufficiently numerous to pre- 
vent significant conclusions. And in the second place, it has 
been shown that a chiasma does not necessarily represent a 
genetic exchange (Cooper, 49). 

The genetic evidence that has been relied on most is that 
from Neurospora, where all four chromatids are recovered 
and their relative positions during meiosis are known. This 
evidence, however, has left some investigators unconvinced 
because of possible uncertainties in the classification of char- 
acters and the interpretation of results. Some of the diffi- 
culties were mentioned by Dr. Perkins in his talk at this 
conference. 

In Drosophila the evidence from ordinary diploids, from 
attached X’s, and from ring chromosomes is consistent with 
the absence of chromatid interference (Weinstein, ’28, ’32a, 
°36; Emerson and Beadle, ’33; Beadle and Emerson, 735; 
Emerson and Rhoades, ’33; L. V. Morgan, ’33). The devia- 
tions are for the most part explicable as arising from differ- 
ential viability or errors of sampling; though Bonnier and 
Nordenskiold (’37) have interpreted their results as indi- 
cating chromatid interference. 

The problem can be dealt with by means of a set of formulas 
(Weinstein, ’38a,b, 48) that express the relations between 
tetrad frequencies and (1) recombination values, (2) chro- 
matid frequencies, and (3) homozygosis in attached X’s, in 
terms of the frequencies of regressive (2-strand), progressive 
(3-strand), and digressive (4-strand) exchanges. If the rela- 
tive frequencies of regressive, progressive, and digressive 
exchanges are represented by F, G, and H respectively, the 
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recombination value depends on the magnitudes of F and 
H, whereas homozygosis in attached X’s depends on G. 

1. The recombination value falls short of 50% if F exceeds 
H, and may rise above 50% if F is less than H. If F is equal 
to H, the recombination value rises toward and may reach 
50%. Since in all organisms that have been studied, including 
all species of Drosophila, the recombination value approaches 
but never exceeds 50% in any undoubted case, the evidence 
points to an equality of F and H (see also Carter and Robert- 
son, 02). 

2. When tetrad frequencies are calculated from observed 
chromatid frequencies, negative numbers result if there is 
an excess of F over H, and also if there is any but a slight 
excess of H over F. My calculations have been made on ex- 
tensive data in both Drosophila melanogaster and Drosophila 
virilis. Since negative frequencies are impossible, this evi- 
dence also points to an equality of regressives and digressives, 
or at most to a slight excess of digressives. 

3. If then we tentatively accept the tetrad frequencies ecal- 
culated on the assumption that F is equal to H, and use them 
to calculate homozygosis in attached X’s for various values 
of G, we can discover what values of G lead to results in best 
agreement with experiment. Thus F, G, and H will all be 
evaluated. 

Homozygosis curves in D. melanogaster for various values 
of G are shown in figure 6. The curves almost coincide in the 
proximal part of the chromosome, from bobbed to miniature; 
because for a region as short as this, crossovers are prac- 
tically all singles, and chromatid interference, if there is any, 
scarcely comes into play. As the distance becomes longer, 
the number of multiple exchanges increases, and the curves 
diverge. 

The observed values of homozygosis from experiments of 
various workers are indicated by the points on the figure 
(fig. 6). In the region from bobbed to miniature the observed 
frequencies for mutant genes tend to lie below the curve, 
whereas those for wild-type alleles tend to lie on or above 
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the curve. This suggests that deviations from the curve are 
due to differential viability. In any event, in this part of the 
graph, as has been explained, almost all the exchanges are 
singles, so that chromatid interference is scarcely involved. 
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Fig. 6 Proportions of homozygosis for one gene of a pair in offspring of 
heterozygous attached-X females. The abscissa indicates distance from the spindle 
fibre. The curves are drawn for different values of G, the proportion of progressive 
(3-strand) exchanges, on the basis of tetrad frequencies calculated by Weinstein 
(736, table 8, column C) from data of Bridges (Morgan, Bridges, and Schultz, 
735). The observed homozygosis values are from Anderson (725), L. V. Morgan 
(725), and Sturtevant (’31), summarized by Sturtevant (solid circles) ; Emerson 
and Beadle (’33) and Beadle and Emerson (’35) (open circles); Rhoades (731) 
(solid triangles); Bonnier and Nordenskidld (’37) (open triangles). 


In the region where the theoretical curves do not coincide, 
from vermilion to the distal end, the observed values are 
about equally numerous above and below the curve for G — 0.5, 
and tend to lie between the curves for G=0.4 and G=0.6. 
In this region (as throughout the chromosome) the observed 
values must differ from each other and from the calculated 
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values not only on account of differential viability but also 
because of differences in crossing over in the different ex- 
periments. 

When all these facts are taken into account, the observed 
homozygosis agrees with the calculated value for G—0.5. 
Since F + G+ H—1 by definition, and since i —H on the 
basis of recombination and chromatid frequencies, it follows 
that F and H are each equal to 0.25. This ratio, ¢ regres- 
sives: $ progressives: } digressives, is what is meant by ran- 
dom recurrence of crossing over, or the absence of chromatid 
interference. 

In these calculations, and in others which yield similar 
results, it has been assumed that F, G, and H are constant 
throughout the chromosome; that is, that they do not vary 
with region or distance. Calculations now being made, but 
not yet complete, in which F, G, and H are allowed to vary 
with distance, also rule out chromatid interference, at least 
for the great majority of cases, because it would lead to 
impossible results.” 


REGIONAL INTERFERENCE, COINCIDENCE, 
AND INTERNODE FREQUENCY 

Since there has been misunderstanding about different types 
of coincidence and their meaning, a few necessary distinctions 
will be mentioned briefly. I shall refer to the regions whose 
coincidence is being measured as nodal regions, and to a 
crossover in two nodal regions as a binodal. 

If N, A, B, and M are respectively the numbers of all indi- 
viduals, of crossovers in the first nodal region, of crossovers 
in the second nodal region, and of binodals, the coincidence 


is the ratio of the actual proportion of binodals to the pro- 
portion expected on chance, 
M/N _ MN 
(A/N) (B/N) AB’ 


* These calculations are being performed on a UNIVAC electronic computer. 
I wish to express my thanks to Remington Rand, Inc., Philadelphia, and to Dr. 
John W. Mauchly, Mr. William Turanski, and Mr. Bevier Hasbrouck of the staff 
cf the Eckert-Mauchly Division of Remington Rand, Inc. 
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As the nodal regions become more widely separated, coinci- 
dence increases from 0 to 1; that is, an exchange interferes 
with neighboring exchanges, and the interference decreases 
and finally vanishes as the intermediate distance lengthens 
(Sturtevant, 713, 715; Bridges, 15; Muller, ’16). The coinci- 
dence is a measure of interference, or rather of the lack of 
it. In these early experiments there were no exchanges of 
ranks above 2, hence no binodal was a crossover in the inter- 
mediate region, and the coincidence showed that long inter- 
nodes are more frequent than short ones. 

That the coincidence was a measure of internode frequency 
ean be shown as follows (see fig. 7). Suppose that one nodal 
region consists of two units, a, and a., and the other of three 
units, b;, b., and bs. Then six classes of internodes are possible 
according to whether the exchanges involve regions a,h,, a;b., 
a,bs, a.b,, a.bs, or asb;. These internodes will differ little in 


Fig. 7 


length if the nodal regions are short in comparison to the 
intermediate region, and they will occur with approximately 
equal frequencies if the variation of coincidence with distance 
is gradual. If in one experiment the nodal regions are a, and 
b,, in another a, and b,+ .,, and in a third a,;+ a, and 
b, + b. + bz, the respective frequencies of internodes will be 
in the ratio 1:2:6. To eliminate the influence of the lengths 
of the nodal regions, the second frequency must be divided 
by 2, and the third by 6. In general, the frequency of inter- 
nodes is proportional to the product of the genetic lengths 
of the nodal regions. If it is divided by the product, the cor- 


rected frequency is 
M/N MN 


(A/N) (B/N) AB 

which is the coincidence. 
In my experiments with D. melanogaster (718) the nodal 
regions were so widely separated that some binodals were 


, 
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also crossovers in the intermediate region. Hence it was neces- 
sary to distinguish between two types of coincidence. When 
interference is measured, the term M must include all bi- 
nodals; when internodes are counted, the term M must include 
only those binodals that are not crossovers in the intermediate 
region. In the latter case the term may be written Mo. Thus 
the coincidence fraction assumes two different forms. Inclu- 


sive coincidence, 
M/N MN 


(A/N) (B/N) AB ’ 


is a measure of interference. Select coincidence, 
M./N MoN 
(A/N)(B/N) AB ”’ 


is a measure of internode frequency, and I shall refer to it 
as internode frequency to avoid misunderstanding. 

In my 1918 experiments both types of coincidence rose to 
about 1 and then decreased. I suggested however (pp. 150— 
151) that further experiments might show that inclusive co- 
incidence remains at 1, but that even in this case the internode 
frequency must decline if some binodals are also crossovers 
in the intermediate region. 

This turned out to be the situation in the X chromosome 
of D. virilis, which was used in my subsequent experiments 
(’32b, ’35) because it is genetically longer than the D. melano- 
gaster X. Figure 8 shows the results in a six-point cross 
covering 100 units in D. virilis. The inclusive coincidence 
rises to 1 and remains at that level; the internode frequency 
rises, though not so high, and then declines to 0.55 for chro- 
matids and to 0.2 for tetrads. The absence of interference 
beyond about 40 units explains why internodes tend to be of 
that length; for an internode longer than 40 units tends to 
break into shorter ones because exchanges within it are inter- 
fered with to a lesser extent, or not at all, by the terminal 
exchanges. 

These results in D. virilis, based on 33,048 individuals, are 
statistically significant and are not caused by differential 
viability. They are supported by a five-point experiment 
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covering the same distance and involving almost as many 
flies, and by numerous other data. 

In D. melanogaster I have made calculations on the pub- 
lished data of various workers and on extensive unpublished 
data of Dr. C. B. Bridges, which he had kindly placed at my 
disposal. The results in this species are not always consistent. 
Sometimes, as in D. virilis, inclusive coincidence levels off 
at about 1, whereas internode frequency declines; sometimes 


INCLUSIVE COINCIDENCE 
(CHROMATIDS AND TETRADS) 


o) 


INTERNODE FREQUENCY 
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oO 
@ 


INTERNODE FREQUENCY 
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INTERNODE LENGTH (crossover units) 
Fig. 8 Coincidence and internode frequency in six-point cross (sepia cross- 
weinless singed diminutive triangle rugose) in Drosophila virilis. 


both decline. Such irregularities, if not due to differential 
viability or sampling deviation, may be connected with the 
fact that some of the regions studied are close to the spindle 
fibre, and that in the autosomes the spindle fibre attachment 
is median. 

The variation of the results in D. melanogaster, and other 
causes as well, have given rise to misunderstanding. The term 
‘‘interference,’’ or ‘‘index of interference,’’ had been used 
for the reciprocal of the coincidence fraction before it had 
become necessary to distinguish different types of coincidence ; 
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and for a time it continued to be used as the reciprocal some- 
times of one type, sometimes of the other. No harm would 
have resulted if the sense in which the term was used had 
always been stated. Again, the concept of partial coincidence, 
which was proposed by Muller (’25) and which may be ex- 


pressed as 
M)/No MoNo 


(Ao/No)(Bo/No)  AoBo 
to indicate that crossovers in the intermediate region are 
excluded from every term, was by some writers confused with 
internode frequency. Furthermore, it was sometimes assumed 
that only one type of coincidence can be correct, and that it 
must apply to all cases. 

As a result, some invalid criticisms were put forward. The 
conclusion that internode frequency declines for widely sepa- 
rated regions was objected to on three grounds: (1) that the 
decline is due to the exclusion of crossovers in the interme- 
diate region from the binodal class, (2) that the decline is 
due to the nonexclusion of crossovers in the intermediate 
region from the binodal class; and (3) that there is no decline. 
Schweitzer, who in 1934 objected (on all three grounds) to 
the formula for select coincidence or internode frequency, in 
1935 proposed a formula (called by him ‘‘corrected doubles’’) 
which for any cross is merely internode frequency multiplied 
by a constant, so that the relative values remain unchanged.?* 
Stevens (’36) put forward a type of coincidence which he 
apparently thought to be new, and he criticized previous 
workers for not having used it; yet his formula is identical 
with inclusive coincidence, which had been used by at least 
three previous workers (Bridges, 715; Muller, 716; Weinstein, 
18) and its reciprocal (index of interference) had been used 
by Sturtevant (715). 

Much of the misunderstanding could have been avoided by 
an acquaintance with the earlier investigations. The papers 


* Stevens’ statement (736) that the formula for ‘‘corrected doubles’’ is inelu- 
Sive coincidence multiplied by a constant arises from a misunderstanding of 
Schweitzer’s explanation. 
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of Sturtevant, Bridges, and Muller are classics in this field; 
and a geneticist has done me the honor of applying this ae 
to my paper. He did not define the term, but there is a defi- 
nition which, I think, fits the case: a classic, as we have all 
heard, is a work that is often referred to and never read. 


THE QUESTION OF SISTER-STRAND CROSSING OVER 


One way in which coincidence enters into the problem of 
the mechanism of crossing over is in connection with the 
question whether exchanges occur between sister strands. 
If, at the time of crossing over, sister chromatids have become 
completely independent of each other and if their relation 
to each other is the same as to other chromatids, we might 
expect sister-strand exchanges to interfere with homologous- 
strand exchanges at other levels to the same extent that the 
latter interfere with one another. But experiments on cross- 
ing over show that sister-strand exchanges cannot occur if 
they interfere with homologous-strand exchanges to this ex- 
tent (Weinstein, ’28, ’32a,c, ’36, ’38a; L. V. Morgan, ’33; 
Kmerson and Beadle, 33; Beadle and Emerson, 735). And 
this is in harmony with the fact that no sister-strand exchanges 
have been found in unequal crossing over, where they can 
be observed directly (Sturtevant, ’25, ’28; Muller and Wein- 
stein, ’32; Sturtevant and Beadle, ’36). 

On the other hand, there is evidence (Weinstein, ’32a, c, 736) 
that (1) sister chromatids are not independent of each other 
when crossing over takes place, (2) their relation to each 
other is different from their relation to the other chromatids, 
and (3) sister-strand exchanges therefore need not interfere 
with exchanges between homologous strands. The occurrence 
of sister-strand crossing over under these conditions is con- 
sistent with experiments on normal crossing over, and is not 
necessarily contradicted by the absence or rarity of sister- 
strand exchanges when crossing over is unequal. For sister 
genes, whether they arise by division or by the synthesis of 
one under the influence of the other, must at first le close 
together; and hence it may be impossible or difficult for one 
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to shift its position so as to lie alongside the gene at the next 
locus, even if that gene is a duplicate. Thus sister chromatids 
may be unable to cross over unequally. But homologous 
chromatids are not so close together to start with, and a gene 
in one can be brought alongside either of two duplicate genes 
in the other, so that unequal exchanges can occur. 

The problem of sister-strand crossing over is also con- 
nected with that of chromatid interference. Two questions 
are involved, as Dr. Perkins said (this symposium): (1) Can 
sister-strand exchanges produce the random ratio of 1 regres- 
sive: 2 progressives: 1 digressive from a nonrandom ratio? 


TABLE 1 


How the relation of homologous-strand exchanges to one another is altered 
by sister-strand exchanges in the intermediate region 


NO. OF INTERMEDIATE SISTER- 
STRAND EXCHANGES IN THE TWO 
CHROMOSOMES OF THE TETRAD 


TYPE OF HOMOLOGOUS-STRAND EXCHANGE IN 
THE ABSENCE OF SISTER-STRAND EXCHANGES 


A B Cc 
REGRESSIVE PROGRESSIVE DIGRESSIVE 
Even (or 0) and even (or 0) Regressive Progressive Digressive 
: Regressive , 
Even (or 0) and odd Progressive | ~ : Progressive 
Digressive 
Odd and odd Digressive Progressive Regressive 


(2) Can they produce a nonrandom from a random ratio? 
Table 1 can help in answering these questions. 

Column A shows, as has been pointed out by several workers 
(Sax, ’32; Weinstein, ’32a, ce, ’36; Lindegren and Lindegren, 
37; Schwartz, ’53) that a theory such as Belling’s (’31), which 
allows only regressive exchanges, can be made to yield other 
types by means of sister-strand crossing over. Columns B 
and © show that progressives and digressives can also be 
changed in this way. In each column the result depends on 
whether the number of sister-strand exchanges in the inter- 
mediate region is even in both chromosomes, or even in one 
and odd in the other, or odd in both. 

If the number of sister-strand exchanges is equally likely 
to be even and odd in any tetrad and in either chromosome of 
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a tetrad (as may be expected if the exchanges are numerous, 
though not necessarily only on this condition), the ratio of 
combinations will be 1 even-even: 2 even-odd:1 odd-odd; and 
this will also be the ratio of regressives, progressives, and 
digressives in each column. Hence it will be the ratio in all 
_the columns taken together, regardless of the ratio of the 
three columns to one another. 

The reverse effect can also be produced. If columns A, Vey 
and C are in the ratio 1: 2:1, a different ratio can be brought 
about among the resulting types by sister-strand exchanges, 
provided that the sister-strand exchanges are not distributed 
at random with respect to homologous-strand exchanges. This 
can come about in two ways. 

1. The ratio of even-even, even-odd, and odd-odd combina- 
tions may not be the same in all three columns. For example, 
if sister-strand exchanges occur only in column C, then some 
digressives will be changed into other types, and the resultant 
deficiency of digressives will not be compensated for in other 
columns. It should be noted that it is neither necessary nor 
sufficient that the ratio of combinations deviate from 1:2:1 
in all columns; but it must not deviate in the same way in all 
columns. 

2. Even and odd numbers of sister-strand exchanges may 
not be equally likely in the two chromosomes of a tetrad. For 
example, let us suppose that in every tetrad one sister-strand 
exchange occurs in the intermediate region in one chromosome 
and none in the other. In a progressive tetrad there might 
be a tendency for the sister-strand exchange to occur in one 
chromosome rather than in the other. This would produce 
an excess of regressives or of digressives, which would not 
be compensated for elsewhere. For in column A there is no 
reason why the sister-strand exchange should be in one chro- 
mosome rather than in the other; and even if such a tendency 
did exist, the result would be a progressive in either case. 
The same is true of column C. In this example, any odd num- 
ber may be substituted for 1 and any even number for 0. 
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These examples of how sister-strand exchanges can cause 
a deviation from a 1:2:1 ratio of regressives, progressives, 
and digressives have been given not as probable cases but as 
illustrations of the kind of situation that would be necessary 
if sister-strand exchanges are to change the random 1: 2:1 
ratio into a nonrandom ratio. 

If there is crossing over between sister chromatids, some 
indication of it might be expected in the chemical structure 
of the genetic material. In Watson and Crick’s (’53) model 
of the DNA molecule, the two helices suggest sister strands. 
But there is the complication that the two helices are not 
identical, since they run in opposite directions. Watson and 
Crick have pointed out the need for more knowledge about 
such matters as whether the DNA helices extend continuously 
through the entire length of the chromosome. And informa- 
tion is also needed about what parts may be played by other 
constituents. 

That the study of crossing over should lead to specific ques- 
tions which are chemical and which are closely related to the 
problem of how the genes produce the characters and how 
they mutate, shows how far the subject has progressed. In the 
earliest days it was arithmetical, dealing with numerical ratios. 
Tt became geometric with the location of the genes in the 
chromosomes and the construction of chromosome maps. Ques- 
tions of the forces involved in crossing over and interference 
connected the subject with mechanics; the effects of heat and 
radiation connected it with other branches of physics. And 
now that investigations of the chemical constitution of the 
chromosomes have begun to tie up with crossing over, we 
are in the field of physical chemistry. 
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THE OXYGEN EFFECT ON RADIATION-INDUCED 
CHROMOSOME ABERRATIONS: BREAKAGE- 
VERSUS-RECOMBINATION 
HYPOTHESES ! 
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Osborn Botanical Laboratory, Yale University, New Haven, Connecticut 


Before consideration of the particular problem under dis- 
cussion, it seems desirable to review briefly the nature of the 
evidence indicating an effect of oxygen on the production of 
chromosome aberrations by ionizing radiations. In doing this, 
an attempt will be made to establish areas in which agreement 
exists before discussing points where there are differences of 
interpretation. 

An effect of oxygen removal on radiosensitivity as meas- 
ured by chromosome aberration production with X rays was 
demonstrated in Vicia faba root tips by Thoday and Read 
(’47). Their observations were soon confirmed and extended 
by other investigators. An effect of oxygen on the radiosen- 
sitivity of chromosomes to X rays is now thought to be a 
universal phenomenon. Indeed, it appears that damage by 
X rays to biological systems generally is influenced by oxygen 
tension. Thoday and Read (’49) also showed that there is 
little or no oxygen effect when g radiation is used, and these 
observations have also been confirmed and extended by others. 
The ensuing discussion will deal principally with results ob- 
tained from the irradiation of Tradescantia chromosomes, 
but certain references will also be made to observations on 
other materials. 


1The experimental work reported here has been supported in part by a 
research contract with the Atomie Energy Commission at Yale University. 
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In considering the evidence for and interpretations of the 
oxygen effect, two questions may be immediately posed. (1) 
Is the removal of oxygen, rather than some other accompany- 
ing condition, actually responsible for the observed decrease 
in radiosensitivity? In answer to this question there appears 
to be general agreement that oxygen is the effective agent. 
Irradiation in a vacuum, as well as the substitution of several 
different gases for oxygen, give substantially the same result 
(Thoday and Read, ’47; Giles and Riley, ’49). A regular re- 
lation between increasing oxygen tension and aberration fre- 
quencies has also been demonstrated (Giles and Beatty, 50). 
Furthermore, certain instances of chemical protection against 
radiation damage in the killing of bacteria have been dem- 
onstrated to result from the removal of oxygen from the 
cellular environment (Hollaender and Stapleton, *53). The 
second question is: (2) When does the oxygen effect occur 
relative to the time of X-ray exposure? This question is 
particularly pertinent to our major problem, since in Trade- 
scantia as well as in most other organisms, it is evident 
that the breakage of chromosomes by radiation and the re- 
combination of the resulting broken ends are clearly separable 
processes, even though recombination may follow breakage 
relatively rapidly, as the evidence indicates for Tradescantia. 
It should be noted here that, although the occurrence of rela- 
tively rapid recombination (restitution and reunion) in 
Tradescantia has been recently questioned (Lane, ’51), this 
report has not been supported by several subsequent inde- 
pendent studies (Sax and Luippold, ’52; de Serres and Giles, 
53; Giles, de Serres, and Beatty, ’53; Steffensen and Arnason, 
54). The experimental data of Sax and others, as analyzed 
by Lea (’46), indicate that the average time during which 
the majority of breaks remain open and capable of reunion 
is of the order of 4 minutes, although some breaks may re- 
main open for much longer times. Hence, in T'radescantia it 
is possible to achieve a reasonably effective temporal separa- 
tion of the breakage and recombination processes and thus 
to test for an effect of oxygen as such on the two separate 
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reactions. The data resulting from experiments designed to 
obtain this type of information are shown in table 1. It is 
clear from these results that oxygen has an effect on aber- 
ration yield only when it is present during irradiation. Fur- 
thermore, there is little if any lag between the introduction 
of oxygen and its effect. These and other experiments in 


TABLE 1 


Experiments concerning the effect of the presence or absence of oxygen during and 
after X irradiation on the frequency of chromosome aberrations 
induced in Tradescantia microspores 


All exposures 300 r at 300 r/minute 
(Data from Giles and Riley, ’50; Giles, ’52a) 


N - iS 
SERIES EXPOSURE POSTTREATMENT OO NPEN DA 


NUMBER CONDITIONS CONDITIONS angele 
1A Vacuum Vacuum 0.12 = 0.01 
1B Vacuum Oxygen (within 3 sec- 0.09 + 0.01 

1500 mm of Hg) 
2A Oxygen (1500 mm of Hg) Oxygen (1500 mm of Hg) 0.70 + 0.07 
2B Oxygen (1500 mm of Hg) Vacuum (within 25 sec) 0.72 + 0.06 
3A gee Vacuum 0.32 + 0.02 
3B ei aa Vaeuum 0.22 + 0.02 
4 1st 30 sec: oxygen Oxygen 0.61 + 0.03 


2nd 30 sec: evacuation 
(to 1 mm of Hg within 
25 sec) 


Tradescantia, as well as somewhat similar ones with Vicia 
root tips (Read, ’52) permit the following conclusions to be 
drawn: (1) to be effective, oxygen must be present during 
the actual X-ray exposures; (2) pretreatment with oxygen 
does not sensitize chromosomes to subsequent X-ray breakage, 
as in the case of infrared treatment, for example; (3) the 
addition of oxygen after an X-ray exposure has no effect on 
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aberration yield. This last type of evidence is especially im- 
portant since it indicates that, if breakage occurs in the ab- 
sence of oxygen, the subsequent presence of this substance 
during the period when the recombination of broken ends is 
occurring has no effect. It appears reasonable to conclude 
that oxygen itself does not affect the recombination process. 

It follows, then, that oxygen plus X radiation must be 
present simultaneously for aberration frequencies to be in- 
fluenced. On this basis, the most probable explanation would 
appear to be that some type of reaction occurs when both 
oxygen and X radiation are present (a reaction which does 
not occur in the absence of oxygen) to produce a substance 
or substances which increase the aberration yield. Other ex- 
planations of this effect are, of course, possible. It can be 
argued that oxygen might effect the metabolism of a cell and 
thus alter its radiosensitivity. It is even conceivable that 
the presence of oxygen might modify the chromosomes them- 
selves in some fashion to make them more radiosensitive. 
That explanations of this type are unlikely is indicated by 
the essential absence of an oxygen effect with g radiation, as 
contrasted with X radiation (Thoday and Read, 49). 

On the assumption that some substance is involved, the 
question then arises, and is the one which will be of 
principal concern in this discussion: Does such a_sub- 
stance cause an increased aberration frequency by in- 
creasing the initial breakage of chromosomes or by influencing 
the recombination of broken ends, as for example, by favoring 
new reunions over restitution. Initially, at least, the simplest 
hypothesis appeared to be one which visualized the oxygen 
effect as resulting from increased chromosome breakage. In 
particular, this hypothesis seemed a reasonable one in view 
of the increasing evidence that indirect effects of radiation, 
mediated by products produced in irradiated water, are in- 
volved in, for example, the inactivation of enzymes and other 
large molecules in aqueous systems (see Dale, ’47). Recently, 
however, evidence has been presented from experiments with 
a number of organisms, Zea (Schwartz, ’52), Drosophila 


BREAKAGE-VS.-RECOMBINATION HYPOTHESES 275 


(Baker and Von Halle, ’53), Vicia (Wolff, 04), and Trades- 
cantia (Swanson and Schwartz, 03), which has been inter- 
preted as indicating that the oxygen effect is on the re- 
combination rather than on the breakage mechanism. In 
certain other experiments, however, e.g., with Habrobracon 
(Whiting, ’53), and Zea (Konzak, ’54), evidence is interpreted 
as supporting the breakage hypothesis. 

The most extensive evidence in Tradescantia which has 
been interpreted in terms of an effect of oxygen on recombina- 
tion rather than on breakage comes from the recent experi- 
ments of Swanson and Schwartz (’53) dealing with the ratios 
of various chromatid aberration types induced by X rays in 
air and in nitrogen. Their results indicate that the air /nitro- 
gen ratios for the three types of chromatid aberrations studied 
— chromatid breaks, isochromatid breaks, and chromatid ex- 
changes — are not identical and vary to some extent with the 
stage of prophase during which the comparisons are made. 
On the assumption that the ratios of all these types should 
be essentially identical if differential breakage is involved, 
the conclusion is drawn that oxygen must be affecting the 
recombination rather than the breakage mechanism. The as- 
sumption just mentioned appears to be invalid for at least 
two reasons. It is known, as in fact these authors mention, 
that the relation between aberration frequency and X-ray dose 
is not the same for all three aberration types. Isochromatid 
aberrations vary approximately as the 1.5 power of the dose 
(Kirby-Smith and Daniels, 53) and exchanges as the square 
of the dose, at least at high radiation intensities (Sax, ’41). 
Reliable data for chromatid breaks are difficult to obtain, but 
these appear to have an approximately linear relation with 
dose. Furthermore, aside from these dosage-relation differ- 
ences, there is no unequivocal evidence that an effect of 
oxygen, even if by way of the breakage mechanism, would 
necessarily be identical in magnitude for all three types of 
aberrations and all stages of the nuclear cycle, since, espe- 
cially in the contrasting cases of chromatid and isochromatid 
types, the aberrations arise by quite different mechanisms. 
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Chromatid deletions result following breakage of single chro- 
matids in those instances where restitution does not occur 
(and most breaks apparently restitute in the air as well as in 
nitrogen), whereas isochromatid abbrrations result from the 
simultaneous breakage of two chromatids at the same locus. 
If, for example, oxygen makes a greater linear portion of 
an electron track effective in breakage as has been suggested 
by Read (’51), such a result might well have a dispropor- 
tionate effect on isochromatid as compared with chromatid 
yields. 

In this connection, it is well to recall that similar compari- 
sons of the ratios of various chromatid aberration types 
were made several years ago when the first comparative 
studies of fast neutron and X-ray effects were made. In these 
comparisons, similar differences in fast neutron/X-ray ratios 
were found, with chromatid breaks giving the smallest, iso- 
chromatids an intermediate, and exchanges the largest values 
(Thoday, 742). 

These results have, however, been interpreted on the basis 
of differential breakage, rather than as an effect of neutrons 
on recombination. The possibility was in fact considered that 
neutrons might differ from X rays in their effect on the re- 
joining process, but it was concluded by Thoday (’42) that 
‘‘No effect of neutrons on the rejoining process could explain 
the increase in the number of both permanent breaks and re- 
combination aberrations which occurs.’’ In addition, the per- 
centage of incomplete chromatid interchanges produced by 
these two types of radiation was found to be the same. Thus 
the general conclusion was reached that ‘‘the results cannot 
be explained by any differential effect of neutrons and X 
rays on the rejoining process and that the differences ob- 
served are due entirely to the differences in the number and 
distribution of primary breakage.’’ 

Preliminary observations (Giles, unpublished) of the fre- 
quencies of incomplete chromatid reunion following irradia- 
tion in the presence and absence of oxygen also indicate no 
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marked differences arising from exposures under these two 
different conditions. 

It may further be noted that invoking differential recom- 
bination as contrasted with breakage to explain the different 
ratios of chromatid aberration types does not appear to 
permit a simple explanation for the results, as is evident 
from the various subsidiary assumptions considered neces- 
sary by Swanson and Schwartz (’53) in attempting to in- 
terpret the behavior of the chromatid deletion category. 

Additional evidence in respect to the oxygen effect has been 
sought in experiments concerned with the average restitution 
time of broken ends produced in the presence and absence 
of oxygen. If the effect of oxygen is on recombination rather 
than on breakage, it might well be anticipated that this would 
arise from a modification of the average time of restitution 
of broken ends produced under these two conditions, with, for 
example, more rapid restitution occurring with broken ends 
produced in nitrogen as compared with those produced in 
oxygen. This possibility has been investigated for chromatid 
interchanges produced in T'radescantia microspores in experi- 
ments in which exposures were performed in nitrogen and 
in oxygen at a series of different X-ray intensities. The re- 
sults (Riley, Giles, and Beatty, 52) indicate a similar effect 
of decreasing intensities on aberration yield in the two ex- 
posure series, and can be taken to indicate that restitution 
times are essentially the same in nitrogen and oxygen. The 
objection has been raised (Swanson and Schwartz, 53) that 
these exposures were performed at dosages giving equivalent 
aberration yields in the two gases rather than at equivalent 
physical doses. This was done on the expectation that it 
would make more detectable any difference in restitution 
time, especially if that in nitrogen proved to be more rapid. 
It is known, for example, that in exposures in air, a lower 
dose level reduces the intensity effect (Sax, 41), and it was 
felt that this might bias the results in nitrogen to indicate 
less, rather than more, rapid restitution. In any event, it is 
evident that additional experiments involving both intensity 
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and fractionation effects are desirable. This is especially 
true since-experiments have been reported by Wolff (754) 
using Vicia faba root tips which appear to indicate that the 
protective action of chemicals such as BAL against X-ray- 
induced chromosome aberrations arises from an effect on 
the restitution time of broken ends in this organism. More 
recent experiments (Wolff and Atwood, 54) have, however, 
shown that other interpretations of these results are pos- 
sible. 

Further general evidence concerning chromosome aberra- 
tion production which appears difficult to reconcile with the 
recombination hypothesis may be cited. Several investigations 
have established that there is a reciprocal relation between 
the specific ionization of a given radiation and the oxygen 
effect. With « particles, as shown by Thoday and Read (’49), 
there is little or no oxygen effect, whereas with fast neutrons 
an intermediate effect occurs (Giles, Beatty, and Riley, °52; 
Gray et al., ’53). Since recombination as well as breakage 
is involved in the production of aberrations with g particles 
and fast neutrons as well as with X rays, it is not clear why 
irradiation in nitrogen should not result in more restitution 
and hence fewer aberrations with these radiations, as is 
postulated to occur with X irradiation. On the view that dif- 
ferential breakage is involved, however, a reasonable hypo- 
thesis can be developed to explain these differences in the 
oxygen effect with different radiations, based on differences 
in the spatial distribution and recombination of radicals. On 
this view, with X rays oxygen serves essentially to mobilize 
H atoms to become effective agents (possibly as HO, or 
H,0,) in producing initial biological damage (Giles e¢ al., 
52; Gray, 753). It might perhaps be argued that such sub- 
stances in the case of X rays could affect the recombination 
rather than the breakage mechanism. It is, however, difficult 
to imagine how such chemically similar substances as HO, 
and OH radicals, and possibly H;O., could in the ease of 
densely ionizing particles act to produce breaks and in the 
ease of X rays be effective only through influencing recom- 
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bination differentially so as to prevent restitution and further 
new reunions. Or if the position is taken that the effect with 
densely ionizing particles, as well as that with X rays in the 
absence of oxygen, is direct as far as breakage is concerned, 
it still remains difficult to see why OH radicals and H.,O., 
which must arise during irradiation with ¢ particles and neu- 
trons, should not have an effect on recombination similar 
to that of HO, radicals formed during X irradiation in oxygen. 
There is, however, some evidence (see Alexander et al., 54) 
that qualitatively different chemical reactions may be pro- 
duced by different types of radicals and related substances. 
Hence, possible explanations based on qualitatively different 
effects of various types of radiations in the presence and ab- 
sence of oxygen cannot be completely excluded. 

Additional evidence against the recombination hypothesis 
comes from the observations of Conger and Fairchild (752) 
that in some plant cells, such as Tradescantia pollen, exposure 
to oxygen alone can result in a high frequency of chromosome 
aberrations. The simplest hypothesis to explain these results 
appears to be that, under appropriate conditions, oxygen 
without radiation can result in the formation of intracellular 
substances effective in producing chromosome breakage (see 
Gerschman et al., ’54). It is extremely difficult to reconcile 
these findings with the view that the oxygen effect is on re- 
combination, since an exceedingly high rate of spontaneous 
breakage would be required if oxygen is effective only in 
modifying recombination so as to prevent restitution and 
enhance new reunions. Furthermore, the experiments dis- 
cussed earlier on the postirradiation exposure of microspores 
to oxygen indicate that oxygen itself is ineffective in modi- 
fying the recombination process, at least with X-ray-induced 
broken ends. 

There is one further external factor, namely, temperature, 
whose effect on X-ray-induced aberration frequencies should 
be considered at this time, since any interpretation of the 
mechanism of aberration production and of the oxygen ef- 
fect must account for temperature effects. The considerable 
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amount of newly available experimental data relating to the 
effect of temperature on aberration production by X rays will 
not be discussed in detail here. Only the major results with 
Tradescantia (Giles, Beatty, and Riley, 52; Giles, ’52b, and 
unpublished) will be summarized briefly as follows: (1) The 
increased yield of aberrations at low temperatures (around 
1°C.) first described by Sax and Enzmann (739) does not 
result exclusively from the increased solubility of oxygen 
at these temperatures. When oxygen is present, there is a 
marked effect of temperature itself in increasing aberration 
frequencies at low as compared with high temperatures. (2) 
In the absence of oxygen, the effect of temperature on aberra- 
tion yields is the reverse of that found when oxygen is pres- 
ent, more aberrations being present at high as contrasted 
with low temperatures. (3) Rapid postirradiation changes in 
temperature following X-ray exposures in either oxygen or 
nitrogen apparently do not affect aberration frequencies. The 
temperature at the time of irradiation is the important factor. 

An interpretation of all these temperature effects is by 
no means evident at this time. It is apparent, however, that 
the oxygen/nitrogen aberration ratio will depend markedly 
on the temperature at which the irradiation is performed. 
Initially, the reciprocal relation in temperature effects sug- 
gested that qualitatively different types of breaks, with re- 
spect to their behavior in recombination, are being produced 
in the presence and absence of oxygen, and this may indeed 
be true. However, the apparent lack of a postirradiation 
influence of temperature on recombination can be taken as 
evidence against this idea, and serves to emphasize once more 
that, as is the case with oxygen, conditions during irradiation, 
when breakage is occurring, rather than after irradiation, 
when most of the recombination of broken ends is taking 
place, are of major importance, at least in Tradescantia 
microspores. It may further be noted that temperature is 
known (Bonet-Maury and Lefort, ’48) to have an effect on 
the yield of radicals and related products produced in ir- 
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radiated water, and potentially responsible for chromo- 
some breakage. 

These observations of temperature effects, however, clearly 
do not at present permit an unequivocal choice to be made 
between the alternative hypothesis we have heen discussing. 
They do make it apparent that the mechanism of aberration 
production is even more complex than was originally sup- 
posed. 

Before concluding, it seems pertinent to make some brief 
general observations concerning the oxygen effect on radiation 
damage to biological structures other than chromosomes. The 
existence of an oxygen effect or of a protective effect of cer- 
tain chemicals (which is probably either directly or indirectly 
related to the oxygen effect) has now been demonstrated in 
a very large number of very different biological systems (see 
Patt, ’53). These effects involve, for example, cell damage 
occurring in somatic plant cells, plant microspores, mature 
sperm of insects, insect larval cells, and other cells. In 
mammals, chemical protection has been observed against such 
effects as lethality, lymphopenia, granulocytopenia, splenic 
involution, epilation, and lenticular opacities (Brues and 
Patt, 53). Furthermore, the magnitude of the oxygen effect 
as well as the shapes of the curves relating increasing oxygen 
tension to the biological effect of X rays are remarkably 
similar in many of these materials (Gray e¢ al., ’53). In 
addition, it is clear that at least in most cases, oxygen or 
chemicals are effective only when they are present during 
and not after the irradiation. These similarities may be taken 
to imply, as Gray ef al. (53) and Patt (753) have indicated, 
a common feature either in the chemical changes which fol- 
low directly from the absorption of radiation energy in the 
cell or in the biochemical pathway by which all these lesions 
develop. It would appear to be much simpler to interpret 
such results on the basis of increased initial damage by sub- 
stances such as active radicals to vulnerable biological mole- 
cules or structures rather than to an effect of such radicals 
in modifying recovery processes (wherever recovery occurs), 
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since these recovery processes must be quite various in the 
very diverse systems affected. In particular, they are pre- 
sumably quite different from the rather special type of situa- 
tion which obtains for so-called recovery in the case of in- 
duced chromosome aberrations. 

In closing, it should be noted that the predilection to ex- 
plain all related experimental observations on the basis of a 
single hypothesis is, of course, always a considerable temp- 
tation. It is, moreover, generally defensible on the basis of 
the principle of William of Occam. It may well be, however, 
that in this particular instance an attempt is being made to 
utilize a razor with too keen an edge. It is, for example, 
quite possible that in the specific situation under discussion, 
both differential breakage and differential recombination of 
broken ends may be involved in the reactions leading to aber- 
ration production, or that the oxygen effect may be operating 
by different mechanisms in different organisms. In any event, 
it is clear that experiments dealing with the oxygen effect, 
whatever their eventual interpretation, are certain in the long 
run to contribute to a better understanding of the basic 
mechanisms by which ionizing radiations produce chromo- 
somal aberrations, as well as other biological effects. 
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ONE FIGURE 


The early data derived from studies dealing with the effects 
of ionizing radiations on the production of chromosome aber- 
rations were readily understandable from a purely physical 
standpoint, and the concepts concerned with the interpretation 
of these data have been ably summarized by Lea (’46). EKm- 
phasis is shifting from the physical to the chemical point of 
view, however, and this tendency to think of cellular damage 
in terms of radiation chemistry is forcing a revision of ideas 
(Gray, 53; Thoday, ’53). It is no longer possible to consider 
that the breakage of chromosomes and the later restitution and 
recombination of broken ends are the only events leading 
to the production of aberrations, for studies which have 
demonstrated that the final frequency of aberrations is subject 
to wide modifications by a number of supplementary physical 
and chemical means make it difficult, indeed, to avoid the 
conelusion that ionizing radiations produce a variety of 
primary changes in the chromosome. The nature of these 
initial changes has not yet been well elucidated, but at least 
for purposes of convenience the changes can be considered 
sites of damage which, by modifying the cellular environment, 

1The studies reported here were supported by Contracts No. W-7405-eng-26 
(Oak Ridge) and No. At-(30-1)-851, U. 8S. Atomie Energy Commission. 

2A brief version of this paper was presented to and published by the 
Radiobiology Symposium, Liége, Belgium, 1954; figure 1 will also be presented by 


K. G. Lining (1954) in Hereditas. 
* Paper read at this meeting by Dr. H. Bentley Glass. 
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may be repaired or amplified. Experimentally, the chemical 
mutagenic studies of Auerbach (51), the infrared-X-ray 
results of Swanson and Yost (’51), and the work of Alper 
on irradiated bacteriophage (quoted by Gray, 753) force a 
consideration if not an actual adoption of this point of view. 
The theoretical aspects of this approach have been discussed 
by McElroy and Swanson (751) ; Thoday (753) and Gray (753) 
have dealt with the problem in some detail. Gray (753, p. 
614) has stated that ‘‘the main features of the biological ex- 
periments make very good sense when viewed from the stand- 
point of radiation chemistry,’’ an hypothesis, however, which 
supplements rather than contradicts the ideas developed by 
Lea to show that chromosome breaks are produced by the 
passage of single ionizing particles through or near the 
chromosome. These considerations take on a particular per- 
tinence when applied to the problem of the effect of oxygen 
on breakage by ionizing radiations, but previous studies make 
it almost certain that oxygen, infrared, and ultraviolet, in 
modifying the rate of breakage by ionizing radiations, act 
through quite dissimilar pathways. It must be assumed, 
therefore, that the primary events induced by ionizing radia- 
tions differ not only in degree but in kind, and that their 
nature will determine what extraneous agent will bring about 
repair or amplification of the damage. For convenience, one 
can consequently speak of ‘‘direct’’ and ‘‘indirect’’ energy 
transfer to the chromosome, with ‘‘direct’’ energy being that 
contributed by the ionizing particle itself, and ‘‘indirect’’ 
energy that mediated by extraneous agents and, presumably 
at least, one step removed from the initial ionization events. 

In this instance the discussion will be confined to the possible 
levels at which oxygen can affect chromosome breakage, and 
a scheme, arising out of a collaboration with Dr. K. G. Liining 
of the University of Stockholm and included here with his 
kind permission, will be presented which takes into account 
the hypothesis that ionizing radiations produce a variety of 
primary events in the chromosome, and that these events are 
subject to modification. 
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EARLIER STUDIES 


The work of Thoday and Read (’47, ’49) and of Giles and 
his coworkers (Giles, ’52; Giles, Beatty, and Riley, °52; 
Riley, Giles, and Beatty, 52) have established beyond reason- 
able doubt that oxygen is part of a reactive system which can 
modify the frequency of aberrations produced by ionizing 
radiations. This system owes its origin apparently to the 
interaction of dissolved molecular oxygen with the products 
of ionized water (Gray, ’53), a conclusion reinforced by the 
fact that during irradiation oxygen can be removed from the 
cell by evacuation or by replacement with hydrogen, argon, 
helium, or nitrogen, and the effect of such induced anoxias on 
breakage is essentially similar. Furthermore, posttreatment 
with oxygen is without effect (Thoday and Read, ’49; Giles 
and Riley, ’49). 

Secondly, it is now quite clear that the degree of decreases 
resulting from irradiation during anoxia is not the same 
for all types of aberrations even when the quality of radiation 
is kept constant. Earlier studies seemed to suggest that, for 
a variety of effects, the ratio of maximum radiosensitivity to 
anoxia radiosensitivity was roughly the same, viz., about 
2.5:1 (Gray et al., ’53), but new evidence demands either a 
modification of this concept or a reevaluation of the steps 
leading to chromosome breakage. This was first indicated by 
the data of Riley, Giles, and Beatty (’52), who demonstrated 
that chromatid deletions were less affected by the absence 
of oxygen than isochromatid deletions and chromatid ex- 
changes. If the reduction in frequency of aberrations is ex- 
pressed as an air/nitrogen ratio, then that for chromatid 
deletions was about 1.4 as compared to 2.6 for isochromatid 
deletions and exchanges. These differential relations of radio- 
sensitivity have been confirmed (Swanson and Schwartz, 53), 
and, in addition, it was possible to demonstrate that the air/ 
nitrogen ratios for the three types of chromatid aberrations 
do not remain constant throughout the prophase period of 
the mitotic cycle. Thus, for the 8-, 12-, and 24-hour periods 
after exposure to X rays, the air/nitrogen ratios for chromatid 
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deletions were 1.1, 1.1, and 1.0; for isochromatid deletions 
2.8, 2.6, and 2.3; A for exebanives 2.9, 2.4, and 2.0, respectively. 
Essentially similar results have been obisined for various 
genetic effects in Drosophila (Hollaender, Baker, and Ander- 
son, 51; Baker and Edington, 52; Baker and Von Halle, 53 ; 
Liining, 54). It cannot therefore be expected that a general 
reduction in radiosensitivity will be achieved by irradiation 
under conditions of anoxia, but that each effect has its own 


TABLE 1 


Chromatid aberrations produced in Tradescantia by four qualities of radiation in 
air and in nitrogen. 150 r at 8.9 r/minute 


NO. OF ABERRATIONS PER 100 CELLS 


RAE PATION Oe Chromatid Isochromatid 


deletions deletions Exchanges 

X rays — 50 kyp, Air 49.3 84.6 35.3 
unfiltered Nitrogen 98.2 15.0 9.5 
Air-nitrogen 0.50 5.6 eS, 

X rays — 100 kvp, Air 66.0 62.5 30.5 
1mm of Al , Nitrogen 79.3 14.0 7.3 
Air-nitrogen 0.83 3.9 2.0 

X rays— 250 kvp, Air 78.0 44.0 28.0 
4mm of Cu Nitrogen 63.5 16.6 6.0 
Air-nitrogen 1.25 2.7 2.3 

y Rays —1.1-1.3 Air 96.2 32.5 26.0 
Mev Nitrogen 50.5 14.0 5.0 
Air-nitrogen 1.9 2.3 2.3 


response which may vary with the cellular circumstances. Any 
hypothesis which seeks to explain the oxygen effect must, 
as a consequence of these data, be flexible enough to account 
for differential reductions. Present theories are inadequate 
in this respect. 

Thirdly, it has been established that the influence of oxygen 
tension on the frequency of radiation-induced aberrations is 
intimately linked to the type of radiation employed. Thoday 
and Read (’49) have demonstrated that the oxygen effect is 
much less with a rays than with X rays, while neutrons appear 


THE OXYGEN EFFECT AND CHROMOSOME BREAKAGE 289 


to occupy an intermediate position (Giles, Beatty, and Riley, 
02). It would be reasonable therefore to suppose that the 
ion density of the radiation is of primary importance in de- 
termining the magnitude of the oxygen effect; the effect, in 
fact, is insignificant for ion densities above 300 ions/u of 
path length (Gray, ’53). Studies carried out on the micro- 
spore chromosomes of Tradescantia have a particular bearing 
on this point. Although presented in detail in another report 
(Swanson, °55), the data can be briefly summarized here 
(tables 1 and 2). 


TABLE 2 


Percentage reduction in total breakage in Tradescantia as the result 
of exposure in the absence of oxygen 


DERIVED FROM 


RADIATION TABLE 1 MISCELLANEOUS 2 
» Rays—1.1-1.3 Mev 59 
X rays — 250 kvp 48 58 
X rays — 100 kvp 43 
X rays — 50 kvp 36 
Neutrons 33 
a Rays 0 


* Reduction of 58% at 250-kvp X radiation was extracted from Riley, Giles, and 
Beatty (’52; table 1, at 150r). The neutron and a-ray reductions were derived 
from data in Giles, Beatty, and Riley (752; table 2, at 10n). Thoday and Read 
(’49) indicate that some reduction is obtained with a rays when exposure is made 
in nitrogen. 


Use has been made of three qualities of X radiation together 
with 1.1- to 1.3-Mev y rays from the Co® facility described 
by Kirby-Smith and Daniels (’53). It is apparent (table 1) 
that in air the chromatid deletions increase in frequency as 
the ion density of the radiation decreases, whereas the reverse 
holds true for isochromatid deletions. This shift in frequency 
appears to be a compensatory one, for the total frequency of 
deletions (i.e., chromatid plus isochromatid) does not vary 
appreciably with quality of radiation. These data are some- 
what surprising since Kirby-Smith and Daniels (’53), using 
pollen tube chromosomes of Tradescantia, demonstrated ‘that 
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both types of deletions are more numerous with X rays than 
with 400-kv P%2 B rays and Co® y rays. No compensatory 
shift was found by them. It may well be that the dose (150 r) 
and the time of fixation after irradiation (19-20 hours) em- 
ployed in these experiments were such as to give the precise 
relations observed, but four rather extensive and essentially 
similar experiments yielded similar results. 

The relation of chromatid exchanges to quality of radiation 
in air is similar to that found for isochromatid deletions, and 
these data are in agreement with the earlier work of Kirby- 
Smith and Daniels (53). 

When irradiation was carried out under conditions of an- 
oxia, the isochromatid deletions, although greatly reduced in 
frequency, appeared to show no relation to quality of radia- 
tion. This, of course, leads to air/nitrogen ratios which are 
large with 50-kvp X rays, and which decrease progressively in 
value as the ion density of the radiation decreases. The chro- 
matid deletions, on the other hand, now exhibit an opposite 
trend from that characteristic of the air series. They increase 
rather than decrease as the ion density of the radiation in- 
creases, and consequently the air/nitrogen ratios are highest 
in value when y rays are used and lowest with 50-kvp X rays. 
With 50- and 100-kvp X rays, there is, in fact, an actual in- 
crease in the absolute frequency of chromatid deletions ob- 
tained in nitrogen as compared to that found in air, and the 
air/nitrogen ratios fall below 1 in value. The chromatid ex- 
changes, like the isochromatid deletions, are greatly reduced, 
but the air/nitrogen ratios follow a trend comparable to that 
for chromatid deletions, as might be expected. 

As pointed out in an earlier account of this work (Swanson, 
55), it is believed that the differential air/nitrogen ratios 
for the three types of aberrations can be accounted for by 
assuming that there is a shift, when irradiations are carried 
out under anoxic conditions, of one type of aberration into 
another. Isochromatid deletions and chromatid exchanges 
each involve two broken chromatids, although they are dis- 
similar in that the former arises from broken sister chromatids 
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and the latter from broken nonsister chromatids. The repair 
or restitution of one of these chromatids but not of the other 
would transform potential isochromatid deletions and ex- 
changes into chromatid deletions. Additional support for this 
belief is provided by the study of isochromatid dosage curves 
in air and in nitrogen. These were compared at 50- and 250-kvp 
X rays (the former unfiltered and the latter filtered through 
4 mm of Cu), and in air the powers for the two curves were 
1.67 and 1.50, respectively. These values are higher than 
expected, but they are in essential agreement with similar 
data of Kirby-Smith and Daniels (’53) and Thoday (’53). 
Under anoxic conditions, and if a process of repair is favored 
by these circumstances, it would be expected, because of the 
time element involved, that not only would a reduction in 
frequency of isochromatid deletions be found but also that a 
straightening of the curves would result through the pre- 
ferential elimination of the two-hit as compared to the one-hit 
eategory. The data obtained from irradiations in nitrogen 
were in accord with this hypothesis since the corresponding 
curves had powers of 1.08 and 1.27. 

Such a change in the shape of the dosage curves would not 
be expected for aberrations produced in chromosomes which 
were single-stranded at the time of irradiation (i.e., rings and 
dicentrics), or for aberrations in double-stranded chromosomes 
which were exclusively one-hit (chromatid deletions) or two- 
hit (chromatid exchanges) in origin. Anoxia would simply 
behave as a dose-reduction phenomenon without the pre- 
ferential elimination of a particular type of aberration such 
as the two-hit isochromatid deletion. That these expectations 
have been realized has been demonstrated by Riley, Giles, and 
Beatty (’52) and confirmed by us. 

There remains another possible explanation for the chro- 
matid-isochromatid deletion shift observed in the air versus 
the nitrogen series (table 1). This possibility, suggested by 
Dr. O. GC. A. Seott of England (personal communication) is 
concerned with the geometry of the terminal portion of the 
electron paths. As Gray (753) has indicated, no oxygen effect 
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is observed when the ion density is above 300 ions/y of path 
length. The terminal portion of every electron track is densely 
ionizing, and a density of 300 ions/p will be passed when the 
energy of the electron drops below 0.75 ekv (Lea, ’46, pp. 24- 
25). The further penetration of such an electron is, however, 
only about 0.035 u in tissue. It would be expected, therefore, 
that the terminal 0.035 » of each track would show no oxygen 
ionizing, and a density of 300 ions/u will be passed when the 
estimated diameter (0.1 u) of a Tradescantia chromatid. Lea 
(p. 275) estimates that the effective ‘‘tail’’ length is 0.28 np, 
and this corresponds to an electron energy of 2.8 ekv having 
an initial rate of 100 primary ions/u. Consequently, part of 
the tail should be less effective in nitrogen, possibly by a factor 
of 2 to 3. When Tradescantia chromosomes are irradiated in 
nitrogen, and an electron has sufficient energy to traverse 
both chromatids, the probability of the first chromatid being 
broken will be less than that for the second chromatid, and a 
shift from isochromatid to chromatid deletions would perhaps 
be expected. The argument would still hold even if the entire 
length of the effective tail showed an oxygen effect, since the 
last 0.1 of path length would have a higher probability of 
breaking a chromatid than the first 0.1 u. 

This possibility, which, in effect, is based on the considera- 
tion that anoxia alters the effective geometry of the ion 
tracks, has much in its favor to commend it, and while the 
author is not fully capable of appraising it in all its physical 
aspects, it is believed to be more applicable to softer radiations 
than those employed in these experiments. Furthermore, it 
is somewhat difficult to see how this hypothesis can account 
for the drop in value of the power for the isochromatid dosage 
curves in nitrogen as opposed to those in air. In terms of 
two-hit aberrations, the system described would function 
simply as a dose-reduction phenomenon, but it is unlikely to 
create a situation which would preferentially reduce the two- 
hit isochromatid deletions as compared to the one-hit type 
in nitrogen. 
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PREVIOUS HYPOTHESES 


Two hypotheses, diametrically opposed to each other, have 
been advanced to account for the effects of oxygen on the 
production of aberrations by ionizing radiations. Neither 
hypothesis in its present form can satisfactorily encompass the 
available data, largely, it is believed, because breakage and 
restitution have been viewed in rather unequivocal terms in 
that they are considered to be the only possible steps subject, 
to experimental modification by variation in oxygen tension. 
Operationally, breakage and restitution are easily distin- 
guished from each other, but if the point of view of Gray (753) 
is adopted that a variety of primary events are induced by 
ionizing radiations, then additional steps, subject to modifica- 
tion, are possible between the introduction of radiation into 
the cell and the final realization of completed aberrations. 

The restitution hypothesis, advaneed by Schwartz (752) 
and supported by Baker and Von Halle (’53) and Swanson and 
Schwartz (753), proposes that anoxia does not affect break- 
age, but instead favors the joinability of broken ends, perhaps 
because of a quantitative difference in the nature of the ends 
broken in nitrogen as compared to air. The data in table 
1 can be easily explained by the restitution hypothesis if it is 
assumed that a process of partial restitution can transform 
potential isochromatid deletions and exchanges into chromatid 
deletions. Difficulty is encountered, however, when the neutron 
and a-ray data are considered in these terms. As table 2 
indicates, there is a definite relation of oxygen effect to quality 
of radiation, but it must be recognized that the chromatid 
deletion/isochromatid deletion ratio is generally lower with 
particulate radiations than it is with X or y rays. Con- 
sequently, if our hypothesis that isochromatid deletions and 
exchanges can be transformed under anoxia into chromatid 
deletions through a process of partial restitution is correct, it 
would be expected that the air/nitrogen ratios for chromatid 
deletions and exchanges would be lower in value, and those 
for isochromatid deletions higher, than the corresponding 
values found with X rays. The studies of Thoday and Read 
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(’49) with a rays and of those of Giles, Beatty, and Riley 
(752) with neutrons reveal that these expectations are not 
realized. It must be assumed therefore either that the ends 
of chromosomes broken by particulate radiations are quali- 
tatively different in their rejoinability as compared to those 
broken by X rays, or that restitution as defined by Schwartz 
is not an important process in T'radescantia as regards to 
oxygen effect. The latter appears to be the more likely pos- 
sibility. 

The breakage hypothesis of Giles (’52; Riley, Giles, and 
Beatty, ’52) merely specifies that the breakage mechanism is 
influenced by the oxygen tension of the cell. Although it is 
considered to be the more acceptable hypothesis, amplification 
of the manner by which oxygen acts is now both possible and 
desirable. If breakage alone is involved, it is difficult to imagine 
how an increase in any type of aberration can occur as the 
result of a reduction of breakage under conditions of anoxia. 
The suggestion of Scott, presented earlier, that the chromatid/ 
isochromatid shift as a function of an altered geometry of 
electron tracks, must of course remain as a possibility, but 
it is felt that the scheme presented in the following section 
satisfactorily explains the available data and is also consistent 
with physical facts. 


; A NEW INTERPRETATION 


With the collaboration of Dr. Liining, the scheme in figure 
1 was conceived of as a diagrammatic representation of the 
possible ways in which oxygen could influence the frequency 
of aberrations produced by ionizing radiations. It is, in a 
sense, a modification and a simplification of the scheme pre- 
sented by Thoday (53), and departs from it principally by 
the inclusion, in phase IT, of an element which we have chosen 
to call a ‘‘spectrum of chromosomal damage.’’ The impelling 
reasons for this concept are several. First, and as stated 
in the introduction, there is good evidence for the belief that 
a variety of primary events can be induced by ionizing 
radiations, events which are capable of repair or of further 
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development by physical or chemical means. Our ‘‘spectrum’’ 
would therefore include what Thoday (’53) has called 
‘‘potential’’ breaks. Second, this concept was considered ne- 
cessary because it is quite inconceivable that two radiations 
as different as y and a rays would give rise to the same 


IRRADIATION 
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INDIREGT 
ENERGY 
TRANSFER 


SPECTRUM OF CHROMOSOMAL DAMAGE 
INCREASING DAMAGE 


PHASE TL 
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pe 
PRIMARY BREAKS 


( TIME FACTOR) 


ACTUAL BREAKS 
REUNION 


PHASE II 


PHASE IW 


RESTITUTION RECOMBINATION NON-REUNION 


Fig. 1 A diagrammatic scheme of the possible levels at which oxygen could 
influence the effects of ionizing radiations (from Liining, *54). 
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spectrum of chromosomal damage. Thus, even assuming that 
the number of damaged sites produced by these two radiations 
were equal in number, it is further assumed that the extent 
of damage per site induced by y rays would be less, and 
consequently lie to the left of the spectrum, and the damage 
by a rays to the extreme right. The arrow within the box 
indicates therefore the direction of increasing damage, and 
a shift to the right or left would be a function principally of 
the ion density of the impinging radiation. 

As to the steps in figure 1, phase IT includes the initial 
physical and chemical events induced by radiation, and for 
convenience the direct energy available for transfer to the 
chromatin strands can be considered that resulting imme- 
diately from the ionizing particle whereas indirect energy 
would be available for transfer, presumably from ionized 
water, only through an additional chemical reaction. The total 
ionization would be independent of oxygen tension, but the 
utilization of the indirect fraction would be dependent on 
the oxygen tension, or on other physiological circumstances 
within the cell which could interfere with the transfer of 
energy to the chromosome. 

In phase IJ, oxygen through the medium of indirect energy 
transfer could act in several ways. It could contribute itself 
to the spectrum of damage, it could enhance the damage al- 
ready created by direct energy transfer, or presumably both 
actions could be involved. Anoxia therefore could exert its 
effect either by decreasing the damage, or, through failure of 
enhancement, permit repair of damage to proceed. Experi- 
mentally, a distinction cannot be made in the present material, 
but preference for the latter possibility is indicated by the 
arrow (increasing oxygen effect) being placed below the 
spectrum of damage. In any event, it is presumed that oxygen 
would exert its most pronounced effects at the left end of the 
spectrum, it being of greater relative importance in the 
transformation of slight damage to the level of primary breaks 
than for the more extensive damage at the right end. If this 
is true, then the relations indicated in table 2 are as expected. 
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Phases T and IT include steps which are part of the breakage 
mechanism. In phase III, primary breaks differ from actual 
breaks only by a time factor. In Tradescantia the time element 
would be of brief duration, and of negligible importance 
when the intensity of radiation is high, but in Drosophila 
sperm, where apparently the time element is of greater 
duration, oxygen could conceivably play a role. Phase IV is 
believed to be unimportant in Tradescantia as regards the 
oxygen effect. It is at this level that Schwartz (752) would 
have oxygen exerting its principal effect, but reasons have 
been given for considering this an unlikely possibility. 

To what extent the scheme presented reflects the actual 
events taking place in the cell is, of course, problematical. 
In the light of available data it appears reasonable. Future 
studies, however, will test the validity of the several assump- 


tions made. 
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EFFECT BY USE OF A RING CHROMOSOME! 
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THREE FIGURES 


A restatement of the problem under discussion is unneces- 
sary since the previous speakers have clearly explained the 
ramifications of the breakage and reunion hypotheses of the 
oxygen effect on irradiated chromosomes. The work to be 
discussed represents an attempt to get an unequivocal answer 
to the question at hand. Theoretically, either of two situations 
could provide the necessary information. In the first place, 
if the condition of a chromosome at the time of irradiation, 
and for the subsequent period of rejoining, were such that 
no reunion of induced breaks were allowed, fewer broken 
chromosomes should be observed upon irradiation in low 
oxygen concentrations if the oxygen were acting on the initial 
number of breaks produced. Alternatively, if the reunion hy- 
pothesis were valid, no oxygen effect should be observed. Sec- 
ondly, if the converse situation were provided where all breaks 
of a given chromosome rejoin, no effect on intrachromosomal 
rearrangements of this chromosome should be seen if oxygen 
were affecting the reunion process. We selected the latter 
situation, which is more amenable to testing, since the X*! ring 
of Drosophila melanogaster provides the necessary require- 
ments. 

Figure 1 depicts the events which can take place when a 
single break is primarily induced in a ring chromosome. It 
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should be noted that it is inconsequential to the following 
argument whether the ring is considered as being divided into 
chromatids in the mature sperm — Cooper (749) has presented 
evidence that this is true —or considered as single, since a 
twist in the single thread following breakage accomplishes 
the same end result as an exchange between sister chromatids ; 
ie., the formation of a dicentric double-ring chromosome. 
Catcheside and Lea (’45) showed that a two-armed X chromo- 
some is never recovered from irradiated sperm containing a 
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LOSS LOSS 


Fig. 1 Manner in which a break may rejoin in a ring chromosome. 


ring X; obviously, then, the broken ends must join, and this 
could be accomplished by the three ways shown in figure 1. 
Two of these ways lead to elimination of the X chromosome, 
an event which can be detected genetically by the following 
scheme: Males homozygous for the second chromosome 
mutant, brown, and bearing the X‘jy ring and the Y 
chromosome of Dempster which contains an insertion of bw+ 
in its long arm, were irradiated and mated individually to 
y v; bw females. The normal F, males from this cross will 
have vermilion eyes whereas the X-O males, which arise from 
female zygotes that lose the ring chromosome during the 
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first cleavage division (presumably by the types of rejoining 
previously shown), will have white eyes, the phenotypic 
expression of the vermilion-brown combination. Similarly, 
in the crosses where the scute’-Y (containing the wild-type 
allele of yellow in Y“) was used, the X-O males would be 
yellow. It is obvious that loss of the X* chromosome will have 
two measurable effects: (1) a shift in the sex ratio to favor 
males since some of the female zygotes are being converted 
into males and (2) the appearance of X-O males. It should 
be noted that loss of the marker on the Y chromosome will 
produce a male which is phenotypically identical to one pro- 
duced by loss of the ring; however, this process will have no 
effect on the sex ratio. 

The experiments were carried out in the following manner. 
Males bearing the ring chromosome and the marked Y were 
irradiated with 250-kvp X rays (30 ma, 2-mm Al] filter giving 
a dose rate of about 260 r/min) in a continuous flow of either 
air or nitrogen and immediately after treatment were allowed 
to mate individually with the y v; bw females for 24 hours. 
After this period each male was mated to a new female for 
another 24 hours, following which time he was removed; the 
female remained in the culture vial to produce offspring. 
By this procedure two samples of sperm which were mature 
at the time of irradiation were procured.: 

The data obtained when the Y chromosome was marked with 
the bwt insertion are shown in table 1 and figure 2. Since 
no difference was found in the sex ratio or the frequency of 
X-O males between the two samples of sperm tested (see 
table 1 for single exception), these data have been combined. 
Certain features of these curves should be noted. In the first 
place, there is no difference in the frequency of X-O males 
between the air and nitrogen series at the low dosage, 1000 r. 
Even the difference at 4000r is not significant, although a 
real difference might be expected from considerations to be 
discussed later. Likewise, oxygen has no effect on the sex 
ratio at the low dose; but at the higher doses, significantly 
more males are produced when irradiation is carried out in 
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air as contrasted to nitrogen. Therefore, it is apparent that, 
although the air and nitrogen dose curves for sex ratio are 
identical at low doses, they diverge at higher dose levels. 


Let us now return to a consideration of the premise on 
which these experiments were undertaken. It was stated pre- 
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Fig. 2 Dose-effect relation in which the bwt-marked Y chromosome is used 
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viously that, if the reunion hypothesis is correct, no oxygen 
effect would be observed on intrachromosomal rearrangements 
(loss of the ring chromosome) involving a chromosome in 
which all the broken ends are compelled to unite. However, 
the sex ratio is shifted not only by intrachromosomal re- 
arrangements, which cause loss of the ring, but also by 
interchromosomal exchanges with the ring, all of which pro- 
duce dicentric chromosomes leading to death of female 
zygotes. The shift in the sex ratio caused by this factor comes 
into play only at higher dose levels where a break in the 
ring is accompanied, in the same sperm, by at least one break 
in an autosome. On the basis of the reunion hypothesis, this 
process would be oxygen dependent since, if breaks produced 
in nitrogen are more likely to restitute (the only type of 
rejoining which takes place in mature Drosophila sperm), 
there would be fewer of these two-hit aberrations in the 
nitrogen as compared to the air series. This, in turn, means 
that the nitrogen-treated males would retain a slightly higher 
frequency of sperm with a break only in the ring and none 
in the autosomes than would be present in the sperm treated 
in air. If the loss of part of these remaining broken ring 
chromosomes by intrachromosomal recombination is oxygen 
independent (as would be expected on the reunion hypothesis 
since all breaks rejoin), a slight excess of X-O males pro- 
duced in nitrogen over air would be expected. On the other 
hand, if oxygen were acting by increasing the initial number 
of breaks, a measurable effect should be observed at all doses 
in both the sex ratio and frequency of X-O males. The data 
clearly show that the latter expectation is not realized, whereas 
the former is in agreement with the experimentally observed 
facts. Therefore the breakage hypothesis appears to be in- 
validated. 

The slight, but not statistically significant, excess of X-O 
males in the air series is not unexpected when one considers 
that loss of the bw*+ marker on the Y may occur in a few eases 
by breaks produced proximal to the insertion. On the reunion 
hypothesis, this event would be oxygen dependent and would 
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lead to a small oxygen effect on the frequency of X-O males, 
but would not affect the sex ratio. The role of this factor in 
influencing the frequency of X-O males is clearly seen in 
experiments with the scute’-Y chromosome where the marke~, 
y*, 1s located at or near the tip of Y”. 
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The data we obtained using this particular Y are shown 
in table 1 and figure 3. A difference between the two sperm 
batches sampled was observed with both criteria of effect. 
Although the reason for this difference is not clear at the 
present time, we feel that this finding is not pertinent to the 
point under discussion since it is observed with treatments in 
either gas. The particular point of interest in these curves 
is the oxygen effect observed at 3000 r on the frequency of X-O 
males which is unaccompanied at this dose by any great shift 
in the sex ratio observed in the two gas series. Such an effect 
was not observed with the Y marked with the bw* insertion. 
However, this is just what would be expected with a Y marked 
out at the tip since there would be more breaks produced 
proximal to the marker than when the marker is interstitially 
located. This would lead to increased loss of the marker, 
thereby producing more apparent X-O males but leaving the 
sex ratio unaffected. Therefore, we conclude that the ap- 
parent oxygen effect with a ring chromosome observed by 
using the criterion of the X-O male frequency is not caused 
by loss of the ring but rather by loss of the y* marker at 
high doses. 

Since our results (see also Schwartz, ’52; Baker and Von 
Halle, 53) appear to favor so strongly the reunion hypothesis 
whereas the findings in Tradescantia and Vicia are still equi- 
vocal, it might be well to mention two features of the Droso- 
phila experiments which differ from the plant studies. The 
chromosomes of the treated cells (mature sperm) are all at 
a known stage at the time of treatment since the cells are not 
mitotically active. This is in contrast to the plant studies where 
the effect is observed at a particular stage in the mitotic 
cycle and all cells observed in this stage at the time of fixation 
are assumed to have been at one stage at the time of treatment. 
However, differential behavior of the chromosomes during the 
period between treatment and fixation, in response to different 
treatments, could invalidate this assumption. Another unusual 
feature of treating Drosophila sperm is that restitution and 
sister fusion are the only types of rejoining which could 
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possibly take place in the mature sperm. This has been made 
evident by many investigators who have failed to find an 
intensity effect on chromosomal interchanges. Thus the pro- 
cess of restitution and sister fusion are isolated in time from 
the other types of rejoining. It remains to be seen whether 
these simplified conditions of the Drosophila experiments are 
responsible for the rather clear confirmation in this organism 
of the reunion hypothesis of oxygen action. 
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DISCUSSION 
OF THE LAST THREE PAPERS 


TWO FIGURES 


Concer: It is possible, in Tradescantia, to measure any 
possible effect that oxygen might have on the fusibility of the 
ends of the chromosomes that are broken by the radiation. 
I shall present the argument on the assumption that the 
oxygen does have an effect on the fusibility of broken ends. 
The data will show that it does not have an effect, but it is 
easier to present it on the assumption that it does. 

The argument is this. Let us look first at one of the kinds 
of aberrations that Swanson talked a lot about, namely, the 
isochromatid aberrations which are formed in the manner 
shown in figure 1. A chromosome is broken by radiation; this 
is the initial break. The question is: What can happen to this 
afterward in Tradescantia? Unfortunately, what happens in 
most of the cases is that it ‘‘restitutes’’ or reunites in a way 
which you cannot detect — the restitution class, in the figure. 
The ends can also fuse in the other way shown, but this 
you cannot see either, and this is why there is a lot of argu- 
ment on this point. Most of these events, or so-called primary 
breaks, result in restitution which the cytologists cannot see. 

But the sister-union (SU) class, of course, is also a fusion 
of the broken ends produced by the radiation. The events 
that are observed cytologically are those which do not result 
in restitution. If, instead of fusing to form restitution, the 
broken ends happen to fuse in the other ways shown, the 
primary break is then visible as a chromosome aberration 
called the isochromatid type. The fact is that in the Trades- 
cantia experiments the visible isochromatid aberrations are 
produced about 2.5 times as often in oxygen as in nitrogen. 
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On closer examination of these isochromatid aberrations, 
however, other kinds are cytologically distinguishable — the 
nonunion (NU) types. 

The chromosome is broken as shown in figure 1. The ends 
may restitute, and in that case nothing is visible. The two 
ends can fuse to form the first kind of aberration; this is called 
sister union. The proximal end may not fuse and the distal 
end fuse (NUp); or the opposite of this (NUd); or, in the 
last case, neither end may fuse at all (NUpd). 

If, in observation of these isochromatid aberrations, you 
distinguish which class they belong to, it is obvious that if 
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Fig. 1 Fusion fate of an isochromatid (isoed) break. 
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oxygen is having an effect on the fusibility of broken chromo- 
somes —let us assume this is how oxygen does exert its 
effect, remembering that since we cannot see the restitution 
class we do not know how often it occurs and we can only work 
with those which we see —then it should cause a shift in 
the direction of the aberrations toward the right on the figure, 
Le., toward those in which there is only one fusion or none at 
all. The data which Miss Helen Johnston and I have collected 
on this show that there is no difference in the frequency of 
these different fusion classes in oxygen or nitrogen, indicating 
that the fusibility of isochromatid broken ends is the same 
when they are irradiated in oxygen or nitrogen. — 
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A similar sort of reasoning can be applied to another kind 
of aberration, the exchange type, of which Swanson has talked. 
These also can be analyzed for the completeness or incom- 
pleteness of the fusion in the manner shown in figure 2. It 
is identical to the other analysis we have just made for iso- 
chromatid aberrations, which are included on the figure so 
the comparison will be more apparent. 

If two breaks are produced in a cell, they may fuse at random 
to form exchange aberrations which are visible; and these fu- 
sions may be complete or incomplete, as shown. Then there 
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Fig. 2 Equivalence of isochromatid and chromatid-chromatid interchange 


fusion classes. 


is a complete fusion where again both ends are fused as for the 
isochromatid SU class, or it may be incomplete in one of two 
ways — proximally or distally. 

In these exchange aberrations, both broken ends may fuse; 
or only the left-hand or the right-hand end. I think you can 
see that these classes are in fact identical with the similar 
isochromatid classes. The last isochromatid class, unfused 
both proximally and distally, is not detectable in the exchange 
aberrations, of course, for such an event would not result 
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in an exchange aberration at all, but only in two independent 
chromatid aberrations. 

Miss Johnston and I did examine cells which had been 
irradiated in oxygen or in nitrogen for these exchange fusion 
classes. A test can be made of the method of analysis in this 
way. If there is a relation between the way the fusibility of 
isochromatid and chromatid breaks are affected, the fusion 
frequency should be the same for isochromatid aberrations as 
for the exchanges. As a matter of fact, the frequencies of 
these two are the same. From cells which were irradiated 
in oxygen, the incompleteness of the isochromatid aberrations 
was about 18% ; and it was 18% for exchanges. For nitrogen, 
the isochromatid incompleteness was also 18%. Therefore, the 
fusibility of the broken ends that produce isochromatid aberra- 
tions must be the same in oxygen and in nitrogen. The dif- 
ferential yield of isochromatid aberrations, which is the ex- 
perimentally observed fact, cannot be explained on the basis 
of an effect on fusibility. 

However, the exchange aberrations produced by irradiation 
in nitrogen were about twice as incomplete (i.e., the frequency 
of incompleteness was about twice as great) as those produced 
in oxygen. So, apparently, there is a difference in the fusibility 
of chromatid breaks produced in nitrogen and in oxygen. But 
observe that the incompletness is in the wrong direction to 
fit the hypothesis that the twofold increase in aberration yield 
in going from nitrogen to oxygen is due to an effect on fusion; 
the hypothesis requires that fusion be less, not more, in 
oxygen than in nitrogen. So for these aberrations, the hypo- 
thesis would be wrong by a factor of four. 

Gites: I should like to recall, in connection with what 
Dr. Conger has said, that I mentioned very briefly in the paper 
that we have made preliminary observations of this same sort 
which agree very well with those of Dr. Conger. Our data are 
certainly not as extensive as his, but they agree in showing 
no difference in oxygen and nitrogen in failure of reunion. 

I would recall also that the same type of observation was 
made in connection with the early fast neutron-X-ray com- 
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parisons, where it was at one time thought possible that dif- 
ferences in various chromatid aberration ratios might be 
caused, in neutrons, by an effect on rejoining rather than on 
breakage. 

Guass: Somebody said that I read Dr. Swanson’s paper 
with a good deal of conviction. I just want it to be clear that I 
do not agree completely with his conclusions. I have some 
data that I think rather better support the point of view that 
Dr. Baker has just presented. My data, like his, were obtained 
on Drosophila. The dominant mutations that produce Minute 
bristles in Drosophila are very common and are well known 
to be associated with small deficiencies in the great majority 
of cases. The dosage curves for Minutes are practically 
identical for treated males and females over a range of 500— 
4000 r units. This relation shows that chromosomes are broken 
by X radiation with the same frequency in oocytes as in sper- 
matozoa. The Minutes result from the same type of intra- 
chromosal breakage and fusion that Dr. Baker was talking 
about, and for which he predicted that there would be no 
oxygen effect. 

The particular studies that we have carried out with oxygen 
on Minutes did not represent a comparison of the respective 
frequencies in air and in nitrogen, but instead in air and in 
pure oxygen. Females given a dose of 2000 r showed a very 
slight increase in frequency of Minutes in the shift from 21 to 
100% oxygen. There was a practically identical curve for the 
males given 2000 r of X rays. The curve is very flat. 

On the other hand, translocations, which of course involve 
breakage in different chromosomes, are very rare in the 
females, whereas you get them in relatively high proportions 
in the males. Hence it is interesting to see what effect oxygen 
has on the frequency of translocations in Drosophila melano- 
gaster. 

The results we have obtained — based on about 900 gametes 
tested in each category —are rather different from those 
which Dr. Baker has published for Drosophila virilis. In the 
females, the translocation frequency in pure oxygen shows 
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practically no increase over that in air. There is very little 
frequency in either case. But for the males, the frequency 
(in two successive experiments that agreed very consistently ) 
changed from about 8% in air to 14.7% in pure oxygen for 
a dose of 2000 r. This shows a very decided oxygen effect in 
interchromosomal changes; and, so far as the Minutes show, 
very little oxygen effect on the intrachromosomal type of 
breakage and restitution phenomenon. 

Kriapatt: The main theme of this session has been the 
biological nature of the processes which are sensitive to 
oxygen present during irradiation. The chemical events in 
which molecular oxygen is involved quite properly have been 
subordinate. However, attention should be called to work with 
bacteriophage, DNA, and enzymes reported in a symposium 
on aftereffects, in the British Journal of Radiology (1954, 
vol. 27). For all three entities, the immediately detectable 
effects of X irradiation are oxygen insensitive or are even 
increased by the absence of oxygen while the aftereffects, 
which sometimes require a number of hours for full expres- 
sion, are decreased by the absence of oxygen. | feel that this 
is of considerable potential interest since a number of the 
results presented in this session suggest to me that the timing 
of chromosomal events may not be the same in material ir- 
radiated in oxygen and in nitrogen. 

Two mechanisms have been found for the oxygen sensitivity 
of the aftereffect. In bacteriophage, and perhaps to some ex- 
tent in DNA, the material is sensitized to HO, and other 
agents by the action of reducing radicals. Oxygen acts by 
influencing the amount of HO, formed, and this substance 
reacts somewhat slowly with the sensitized material to bring 
about an aftereffect. The other mechanism, found for both 
DNA and pepsin, is the formation of unstable states in the 
macromolecule by the action of oxidizing radicals. Oxygen 
acts in the formation of the oxidizing radicals, and the after- 
effect is not caused by long-lived, slowly reacting, small- 
molecular products of irradiation. In Paramecium aurelia 
I have been able to demonstrate that H.O, is not responsible 
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in any way for the increased mutation found when X irradia- 
tion is carried out in air rather than nitrogen. It seems quite 
probable that this conclusion ean be extended to the production 
of chromosome aberrations and mutations in other organisms, 
especially when the small quantities of peroxide which ean be 
formed within the cell and the slowness of its reactions with 
substances such as DNA are taken into account. This makes 
it tempting to consider the second explanation for the after- 
effect as applying to chromosomes also but this would be a 
large extrapolation beyond our present fragmentary informa- 
tion and does not, any more than the other hypotheses so far 
suggested, provide a single, unified explanation of the results. 

In fact, it seems rather unlikely to me that such unified ex- 
planation will be forthcoming. Present work suggests that 
oxygen affects in some manner the number of detectable 
breaks, the amount of recognizable reunion, the duration of 
the time over which breaks remain available for recombina- 
tion, and the rate of progress of cells through mitosis. This 
suggests that no hypothesis which proposes a single biological 
effect as the target for the oxygen-radiation interaction will 
be successful in encompassing all the data. 

Beatty: Some work which I am finishing on the speed of 
the first microspore division in T'radescantia might have an 
important role in the interpretation of Dr. Swanson’s work. 
At 30°C. very early prophase requires 24 hours for comple- 
tion; early prophase, 4 hours; mid-prophase, 3 hours; late 
prophase, 3 hours; and the remaining stages a half-hour for 
each. If buds having microspores in division are given 200 r 
at 50r per minute, a critical point in mid-prophase will be 
found in which cells having passed this point will proceed 
through division, forming clumped metaphases and anaphases. 
Cells not having reached this critical point, both mid-prophase 
and early prophase stages, will revert to very early prophase. 
In addition to this reversion, there is a delay in the very early 
prophase stage. As the cells recover from the effects of radia- 
tion, it is believed that there is a reshuffling of the mid., early, 


316 A, HOLLAENDER (Chairman) 


and very early prophase stages. The reversion and delay in 
division is not nearly so great in helium as it is in oxygen. 

Wo.urr: I noticed that Dr. Giles, and also Dr. Glass in read- 
ing Dr. Swanson’s paper, referred to some of my earlier ex- 
periments in which I interpreted the results as indicating 
that oxygen or anoxia has affected chromosome restitution 
and not breakage. However, since then Atwood and I have 
run a considerable number of experiments on dosage frac- 
tionation effects in Vicia, which have led us to change our 
stand. 

It seems that the effect of anoxia, during irradiation, on 
restitution is independent of the effects on breakage; and no 
matter how long the breaks stay open, the same numbers of 
aberrations are obtained. So we are led to believe that the 
effect of oxygen or anoxia on Vicia is an effect on the primary 
breakage and not on restitution. There is indeed an effect on 
restitution, but this does not influence aberration yield. 
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